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Conventional wet granulation processes involve controlled coalescence of moist 
particles through the addition of binder liquid to dry powder particles such that the 
process proceeds in the direction of increasing liquid saturation. The process is 
terminated immediately prior to an undesirable state of uncontrolled granule growth and 
batch loss. The ideal conventional wet granulation process is stated to require tight 
control over granule nucleation conditions which are often not possible to execute 
commercially. Consequently, a novel reverse-phase granulation process was developed 
and studied involving immersion of dry powder into the binder liquid, thus eliminating 
the traditional granule nucleation process. The reverse-phase process proceeds in the 
direction of reduced liquid saturation, thus decreasing the risk of uncontrolled growth 
and batch loss. 
 
The effects of binder liquid quantity, binder liquid viscosity and impeller speed on the 
granules produced using the reverse-phase and conventional processes were compared. 
The conventional process exhibited induction growth behaviour and uncontrolled 
granule growth at elevated liquid saturation. In contrast the reverse-phase process 
demonstrated steady granule growth behaviour at all liquid saturations indicating 
greater robustness to process failure. The primary mechanism of the reverse-phase 
granulation process was breakage of large moist agglomerates and mechanical 
dispersion of the binder liquid throughout the powder formulation. The size and 
porosity of reverse-phase granules were controlled by the liquid saturation and impeller 
speed, with these physical properties being best described by the dimensionless Stokes 
deformation number and the growth regime map.  
 
Two potentially negative consequences associated with the reverse-phase granulation 
approach were evaluated. First, the compaction properties of reverse-phase granules 
were shown to be similar to those of conventional granules. Second, the rate and extent 
of hydration of the model drug anhydrous theophylline was shown to be similar for both 
the reverse-phase and conventional granulation processes. Based upon these findings it 
was concluded that the reverse-phase process may represent a feasible alternative to the 
conventional process, particularly should scale-up to the industrial scale prove 
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1 General introduction 
 
Tablets are the most popular dosage form for drug delivery in the pharmaceutical 
industry, occupying over two thirds of the global market [1-3]. Convenience of 
administration, accurate dosing, ease of manufacture, long term storage stability and 
good tolerance to changes in temperature and humidity contribute to this popularity [4].  
 
Tablets are prepared by compressing a powder blend in a die, at high compression 
force, to form a solid compact. The powder blend contains the drug and generally a 
diluent, a binder, a disintegrant and a lubricant. The large scale production of high 
quality tablets requires a powder blend with excellent properties regarding 
homogeneity, flow and compaction that will yield a tablet with the desired mechanical 
properties, dose uniformity and drug release profile. Often the powder blend does not 
possess all of these properties and therefore some form of agglomeration process, such 
as dry or wet granulation, extrusion, or spray drying, is employed to enhance the 
tableting properties.  
 
1.1 Overview of common agglomeration techniques 
 
1.1.1 Dry granulation 
 
The term dry granulation encompasses both slugging and roller compaction 
agglomeration processes. These processes are primarily used to improve powder flow 
properties. Slugging is a lesser used technique involving the compaction of powder, at 
intermediate pressure, to form a large “slug” in the order of 2.5 cm diameter and 0.75 
cm thickness [5]. Roller compaction involves compressing the powder between two 
counter-rotating rolls, under pressure, to form a “ribbon” of compacted powder. The 
resulting slug or ribbon is then milled to obtain granules of the desired size distribution 
for further processing. Dry granulation processes are relatively simple, fast, easily 
controlled and are often favoured in the processing of moisture or temperature sensitive 
drugs. However, the resulting tablets often show inferior tensile strength compared to 
other granulation techniques due to the limited bonding potential of the powder, which 




Powders which undergo plastic deformation [7] have been shown to be more sensitive 




Extrusion (or spheronisation) involves six steps [9]; (i) dry mixing of ingredients, (ii) 
wet granulation to form a sufficiently plastic wet mass, (iii) extrusion to form rod-
shaped particles of uniform diameter, (iv) rounding of rod-shaped particles in a 
spheroniser, (v) drying to a prescribed moisture content, (vi) milling to achieve the 
desired particle size distribution. The major advantage of extrusion is the ability to form 
granules with very high levels of drug without producing granules of excessive size 
[10]. Extruded pellets offer flexibility in dosage form design and can be coated with 
functional or aesthetic coatings, compressed into tablets or filled into capsules. 
However, extrusion is considered to be more labour and time consuming than the other 
agglomeration approaches and is typically only used in circumstances where other 
techniques cannot form granules of the required properties [9].  
 
1.1.3 Spray drying 
 
Spray drying occurs in three main stages [11]: (i) atomisation of the feed liquid, (ii) 
mixing of spray droplets with a heated air stream to form dried particles by evaporation, 
(iii) separation of the dried particles from the air stream. Spray drying offers good 
control over particle size, shape and moisture content. The main advantage of spray 
drying is the ability to increase the solubility of drugs through stabilisation of the 
amorphous form in a solid dispersion [12]. However, spray drying is not well suited to 
forming particles >200 µm, has poor thermal efficiency and the exhaust air stream 
contains significant heat which requires removal [11]. 
 
1.1.4 Wet granulation 
 
Wet granulation typically involves an initial dry blending of the powders, to give an 
homogeneous distribution, followed by the addition of a granulation liquid to the 
powders. Continued mixing ensures wetting of the powder surfaces and promotes 




end point is reached. The end point may be defined by a number of parameters 
including mixing time, quantity of binder liquid added and power or torque reading on 
the mixing impeller. The wet granules are then passed through a coarse screen to break 
large lumps, dried to remove the binder liquid, and milled to produce granules of the 
desired particle size distribution. The milled granules are then often blended with a 
lubricant, and potentially a portion of extra-granular binder and disintegrant, to form the 
final granule blend which is homogeneous, free flowing and possesses sufficient 
compaction properties to form a suitable tablet under compression.  
 
Wet granulation is used to enhance powder flowability and compaction properties and 
reduce segregation potential. The main advantage offered by wet granulation is the 
ability to increase the bioavailability of poorly soluble drugs. A surface active agent can 
be readily incorporated into the binder liquid, where it is brought into intimate contact 
with the surfaces of the drug particles during the granulation process, to enhance 
solubility and dissolution rate. It is estimated that approximately 40 % of the world's top 
oral drugs are classified as BCS (Bio Classification System) class II (low solubility, 
high permeability) and IV (low solubility, low permeability) compounds [13], and that 
the problem is considered even worse in drug discovery pipelines [14]. Consequently, 
the use of wet granulation processes to simultaneously form granules of the desired 
physical properties and enhanced bioavailability remains a popular option. 
 
1.2 Introduction to wet granulation 
 
Wet granulation processes have been a topic of research for several decades with Newitt 
and Conway-Jones [15] pioneering some of the earliest work in 1958, where they 
investigated the agglomeration behaviour of sand in a drum granulator. Since then a 
substantial volume of work has been published studying a wide range of materials such 
as detergents, minerals and pharmaceuticals, which have been granulated in a variety of 
equipment ranging from coffee grinders, food processors, rotating drums, fluidised beds 
and high shear mixers. Several comprehensive review papers have been written over the 
decades to summarise the state of knowledge in the discipline; notably in the 1970’s 
where Kapur [16] reviews the “balling” process, the 1980’s [17-19] and 1990’s [20] 
where authors review “agglomeration” and “size enlargement”, and finally the 2000’s 




agitated wet granulation processes”. These earlier reviews provide the basis for the 
current understanding that wet agglomeration processes involve three simultaneous rate 
processes [22] as shown in Figure 1-1; (A) wetting and nucleation; (B) consolidation 
and coalescence; (C) attrition and breakage. Each has received considerable attention in 
the literature and are discussed separately in the following sections.  
 
 
Figure 1-1. Representation of wet granulation rate processes: A - Wetting and 
Nucleation. B - Consolidation and Coalescence, C - Attrition and Breakage. Taken from 
[23]. 
 
1.3 Wetting and nucleation 
 
Wetting is the process of displacing air from the powder surface with binder liquid. 
Nucleation is the process of bringing two or more surface wet particles into contact to 
form nuclei (Figure 1-1A). The area where the binder liquid and powder surface come 
into contact to form initial nuclei is termed the nucleation zone. Both nuclei formation 
and binder liquid dispersion are important in the nucleation zone. The size of the binder 
liquid droplet relative to the powder particles onto which it is deposited will influence 
the nucleation mechanism. Two different nucleation mechanisms have been proposed 
Binder liquid 
Powder particles 
A – Wetting and Nucleation: 
B – Consolidation and Coalescence: 




[24, 25]; if the droplet is large compared to the particles, nucleation will occur by 
immersion of the smaller particles into the larger droplet to form nuclei with saturated 
pores. Alternatively, nucleation with relatively small droplets will occur by distribution 
of the drops on the surface of the particles, which will then start to coalesce.  
 
1.3.1 Drop penetration time 
 
When a binder liquid contacts the powder bed surface it penetrates into the capillary 
pores, both within and between particles, to form nuclei. The time taken for the drop to 
penetrate completely into a powder bed with no liquid remaining on the surface is 
defined as the drop penetration time. Denesuk et al [26] developed a simple drop 
penetration time model taking into account the liquid surface tension, liquid viscosity, 
solid-liquid contact angle and the pore size of the powder bed. They applied the 
Washburn equation, where wetting is driven by capillary pressure and resisted by 
viscous dissipation of the flow, and assumed the powder bed behaved as a bundle of 
parallel cylindrical capillaries. They also assumed the drop penetration behaviour 
follows the constant drawing area (CDA) model where the three-phase contact line 
remains stationary (i.e. constant drop radius) and the apparent contact angle slowly 
decreases as the liquid drains from the droplet into the porous surface. The CDA model 
is more commonly used than the decreasing drawing area (DDA) model where the 
apparent contact angle at the substrate surface remains constant throughout the 
penetration process and the liquid contact line retards toward the centre of the drop [27]. 
Hapgood et al [27] modified the approach by introducing terms for the effective 
porosity and effective pore size of the powder bed to account for the fact that the 
assumption of parallel capillary pores is unlikely to represent a moving powder where 
particles are loosely packed resulting in the following equation: 
 
       
     
         
 
       
        Equation 1-1 
 
where tp is the predicted drop penetration time, Vd is the drop volume, εeff is the effective 
porosity of the powder bed, Reff is the effective pore radius, µ is the liquid viscosity, γ is 





Hapgood et al [28] later revised the model to incorporate the effects of hydrophobic 
powder components and defined drop penetration time as: 
 
       
     
            
 
    
 
       
       Equation 1-2 
 
Where the modified effective porosity, ε*eff, is defined as: 
 
                        
         
       
 
  
      Equation 1-3 
 
and the effective pore radius, Reff, is defined as: 
 
     
     
 
    
         
        Equation 1-4 
 
where ζ is the proportion of the powder surface comprised of hydrophobic particles, εtap 
is the tapped porosity of the powder bed, ε is the porosity of the powder bed, fSAphobic is 
the ratio of hydrophobic particle surface area to the total surface area of the powder 
blend, SAblend, y is the percolation factor, φ is the shape factor and d3,2 is the surface 
mean particle size. Short penetration times are thus facilitated by small droplet size, low 
binder viscosity, porous non-hydrophobic powders, large powder pore size, high surface 
tension and low contact angle. 
 
In order to apply drop penetration time measurements between different formulations 
and granulation equipment a dimensionless drop penetration time, τp, was proposed 
[29]:   
 
   
  
  
          Equation 1-5 
 
where tp is the drop penetration time and tc is the circulation time, which is the time 
interval between a quantity of powder leaving and re-entering the spray zone. The 
circulation time is a function of powder flow patterns, the quantity of powder in the 





1.3.2 Binder liquid delivery 
 
It has been hypothesised that if all particles contain an equal amount of binder, their 
physical properties should be the same and produce a narrow size distribution [30], 
provided the primary particles are the same size to begin with. If the binder liquid is 
unevenly distributed, some nuclei will be more saturated than others and will grow 
preferentially resulting in heterogeneous granule properties. There are three operating 
variables in binder liquid delivery; droplet size distribution, flow rate and spray area. 
When the binder liquid is poured into the granulator the initial liquid distribution is poor 
with localised areas of high moisture content resulting in an initial bimodal size 
distribution and an increased fraction of coarse granules [25, 31]. Over the course of the 
granulation process a uni-modal distribution can result depending upon the mechanical 
dispersion conditions [32].  
 
It is possible to alter the nucleation zone by changing the type, position and settings of 
the spray nozzle. Large spray angles and high nozzle to bed distance increase the spray 
area and decrease the spray density reducing the likelihood of binder droplets 
coalescing, and hence reduces the size and spread of the nuclei produced [33]. 
 
1.3.3 Powder mixing 
 
Effective powder mixing is critical to binder liquid dispersion in all granulator types. A 
high rate of fresh powder passing through the nucleation zone facilitates uniform 
distribution of the binder liquid throughout the powder. Increasing the impeller speed 
aids binder liquid dispersion by increasing both the shear forces in the granulator, which 
induces granule breakage of large wet granules, and promotes powder flux through the 
nucleation zone [31, 34, 35]. 
 
1.3.4 Dimensionless spray flux 
 
Tardos et al [36] attempted to standardise the description of the nucleation zone 
conditions across equipment scales. They suggested measuring binder flow-rate 
compared to the size of the spray zone and the powder flux through the spray zone. A 




to reduce the granule size since there is a lower probability of drop coalescence and a 
lower liquid volume available for agglomeration per unit of powder [33].  
 
More recently Litster et al [37] quantified spray conditions in a high shear mixer 
through the development of a dimensionless spray flux, Ψa, defined as: 
  
   
  
       
         Equation 1-6 
 




), dd is the average droplet size (m), v 
is the powder surface velocity beneath the nozzle (m s
-1
) and ws is the width of the spray 
(m) 90° to powder flow direction. A high Ψa, >1.0, indicates that the ratio of binder 
liquid addition rate to the powder flux rate is high and the probability of droplets 
overlapping on the powder surface and coalescing is increased. The surface of the 
powder bed will become saturated and form large wet areas and nucleation will occur 
by immersion resulting in a wide nuclei size distribution. A low Ψa, <0.1, indicates that 
the ratio of binder liquid addition rate to the powder flux is sufficiently low that 
individual droplets are unlikely to coalesce and will therefore form single nuclei which 
leave the nucleation zone before being re-wet by another droplet. 
 
Some authors have argued that fast dispersion of the binder liquid is taken for granted in 
high shear granulators and that the binder liquid addition conditions are not critical [38]. 
It is proposed that the coalescence into granules is mainly affected by the mixing 
conditions and the binder liquid amount, and that the system usually “recovers” even 
when binder liquid is added as a single event since the shear forces in the granulator 
break the initial nuclei and distribute the binder liquid by mechanical dispersion [31, 39, 
40]. Plank et al [41] also highlight several practical limitations in achieving a spray flux 
<0.1 upon scale up of the process to commercial scales such as the need to either 
decrease volumetric binder liquid flow rate or increase impeller tip speed, both of which 
have significant effects on granule consolidation and growth. Another option considered 
was to increase the number of spray nozzles, however in the scale up example used this 
resulted in over 14 nozzles in a 300 L scale granulator which is impractical due to space 
limitations. As a result Plank et al [41] predict that wet granulation processes executed 




do acknowledge the practical benefits of quantifying liquid coverage relative to powder 
flux, however challenge the relevance of using drop size measurements to quantify 
liquid coverage when routinely operating outside the drop-controlled regime, and 
therefore propose that the area over which the binder liquid is delivered is more 
influential resulting in the development of an empirical equation: 
 
     
 
  
         Equation 1-7 
 
where A is the area of the spray zone. It is proposed that the most reliable method to 
determine V/A is via direct measurement, such as collecting liquid from a spray nozzle 
into a collection device such as a grid of adjacent square cuvettes and weighing the 
amount of liquid collected over a given period of time. 
 
1.3.5 Nucleation regime map 
 
Nucleation can be considered a combination of single drop behaviour (dimensionless 
drop penetration time, τp) and multiple drop interactions (dimensionless spray flux, Ψa) 
with the specific formulation properties and equipment operating conditions 
determining the nucleation regime [21]. Three nucleation regimes have been proposed 
[37]; drop controlled, intermediate and mechanical dispersion. Based on these regimes, 
Hapgood et al [29] proposed the nucleation regime map (Figure 1-2) which considers 
both the dimensionless drop penetration time and the dimensionless spray flux. While 
exact values for the regime map boundaries are unknown at present the regime map 
provides a logical basis for investigation and development of granulation processes. 
Further quantification of the regime map transition boundaries is a clear area for future 






      Dimensionless spray flux 
Figure 1-2. Nucleation regime map where Ψa is the dimensionless spray flux and τp is 
the dimensionless drop penetration time. Taken from [29]. 
 
In the drop controlled regime, binder liquid droplets penetrate the powder bed 
immediately and the individual droplet size determines the nuclei size distribution. As 
the drop penetration time slows and/or the dimensionless spray flux increases 
nucleation moves towards the mechanical dispersion regime. In the mechanical 
dispersion regime mixing intensity relative to capillary and viscous forces determine 
nucleation. The retarding effect of viscosity on the nucleation process has been 
frequently reported [24, 42-44]. In these cases nucleation and binder liquid distribution 
occur by mechanical mixing and the liquid addition method has minimal effect on the 
particle size distribution. In the intermediate regime, both drop penetration time and 
mechanical dispersion are influencing factors making the granulation process difficult 
to control. If the binder liquid addition rate exceeds the binder liquid dispersion rate 
local overwetting will occur. In practice, control of the nucleation process requires 
measurement and understanding of a number of important variables such as the wetting 
behaviour of the binder liquid on the powder bed (i.e. formulation), the binder droplet 
size (i.e. method of addition), binder spray width (i.e. spray nozzle design) and powder 




























1.4 Consolidation and coalescence 
 
As granules are agitated in a granulator they experience many collisions with other 
granules, walls of the granulator and the impeller and chopper blades. These collisions 
can cause either dilation of the granule structure which creates a more porous assembly, 
or consolidation (also called densification or compaction) which reduces their porosity 
and size, squeezes out entrapped air, and possibly even squeezes binder liquid to the 
granule surface (Figure 1-1B) [45]. Granule porosity controls granule deformability and 
liquid saturation, both of which have a strong influence on granule growth mechanisms 
[46].  
 
1.4.1 Liquid saturation 
 
Newitt and Conway-Jones [15] first described the effect of increased binder liquid 
content on the wet granule structure (Figure 1-3). As the binder liquid content increases 
the number of liquid bridges between primary particles increases and the granule moves 
from a pendular state to a funicular state. At increased binder liquid content liquid 
bridges merge into a continuous network leading to the capillary state. Further increase 
in binder liquid content leads to oversaturation and the static strength of the granules 
drops to zero [47]. It has been suggested that if air is entrapped in the granules it may be 
feasible for surface liquid to become available at liquid saturation <100 % [48] as 




Figure 1-3. Representation of the different pore saturation states of liquid-bound 
granules. Taken from [47]. 
 
The increase in pore liquid saturation as a function of binder liquid content may vary 
during the granulation process, depending upon formulation and equipment variables 





liquid saturation (Smax) is used as a dimensionless measure of binder liquid content [46, 
49] which can be used as a means of comparison between different granulation systems: 
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        Equation 1-8 
 
where m is the mass ratio of liquid to solid, ρs, is the density of solid particles, ρl, is the 
liquid density and εmin is the minimum porosity the formulation reaches under given 
operating conditions. The term m should take into account liquid volume changes due to 
solids dissolution [48]. εmin is a complex function of formulation properties and 
operating conditions [45, 50] and cannot be predicted without performing actual 
measurements of granule porosity [49]. Porosity has commonly been determined by 
using low pressure mercury porosimetry [51], however mercury is a toxic substance 
with associated handling problems, the method is relatively time consuming, and the 
apparatus is relatively costly. More recently, a powder pycnometry method has been 
shown to be a robust method for determining the porosity of larger bodies such as 
rectangular roller compacted ribbons of 10 mm width x 22 mm length x 2 mm thickness 
[52] and spherical green iron ore pellets of  10–12.5 mm diameter [53]. Powder 
pycnometry has also been used to determine the porosity of pharmaceutical granules 
with a size less than 5 mm [54, 55], however evaluation of the appropriateness of 
powder pycnometry for granules of this size has not been investigated to date. A 
comprehensive study is presented in Chapter 2 to address this need. 
 
Tardos et al [36] noted that nucleation is the predominant granulation mechanism at low 
liquid saturation with the rate of nucleation being proportional to the strength of the 
nuclei formed. Kristensen et al [46] investigated the granulation of lactose monohydrate 
and found that when liquid saturation was less than 0.6 growth proceeded slowly. 
Above a liquid saturation of 0.6 the growth rate rapidly increased due to rapid 
coalescence of moist agglomerates. Similarly, the power consumption of the granulation 
increased significantly at the same time, thereby providing a basis for an instrumented 
endpoint where the process could be ended immediately prior to the uncontrolled 
growth stage. Kristensen [56] studied the granulation of calcium hydrogen phosphate 




the agglomerates, with a rapid increase in growth occurring above a liquid saturation of 
approximately 0.8. 
 
1.4.2 Coalescence forces in liquid bound granules 
 
Granule consolidation, and the resultant liquid bound granule strength, is controlled by 
at least three forces; capillary forces, viscous forces and interparticulate friction [47]. 
Interparticulate friction and viscous forces are dissipative in that they resist particle 
motion, whereas capillary forces are conservative in that they always act to pull 
particles together and therefore aid consolidation and resist dilation [47]. Other forces 
such as van der Waals and electrostatic forces can also be important in some cases. 
However, in liquid-bound systems, electrostatic forces are usually minimal since the 
conductive binder liquid dissipates charge density therefore van der Waals forces are 
usually negligible compared to liquid bridge forces for systems with particle size greater 
than 10 µm [57]. 
 
1.4.3 Coalescence models 
 
Granule growth behaviour is fundamentally determined by whether colliding granules 
coalesce or rebound. This simple concept is difficult to model because of the complex 
nature of granules. Ennis et al [42] developed a model for granule coalescence based on 
the dynamic liquid bridge. They defined a dimensionless Stokes viscous number, Stv, to 
predict whether a collision between two spherical granules will result in coalescence or 
rebound (Equation 1-9), depending upon their kinetic energy and the energy dissipated 
during the collision: 
 
    
      
  
         Equation 1-9 
where ρg is the granule density, vp the relative velocity between two spheres estimated 
as the impeller tip speed, r is the radius of the sphere, and µ is the binder viscosity. The 
model predicts that the collision will result in coalescence if the Stv is less than the 





        
 
 
    
 
  
                                            Equation 1-10 
 
where e is the coefficient of restitution, h is the thickness of the surface liquid layer, and 
ha is the characteristic height of surface asperities. Three regimes were defined; (1) Stv 
<< St*v – the non-inertial regime where all collisions result in coalescence regardless of 
the size of the colliding granules; (2) Stv = St*v – the inertial regime where some 
collisions result in coalescence; collisions between two large granules are less likely to 
result in coalescence and (3) Stv >> St*v – the coating regime where no collisions result 
in coalescence. As shown by the model the probability of coalescence increases with 
decreasing particle density, impeller speed and granule size and increasing surface 
liquid layer thickness and binder viscosity. Practical difficulty in applying the model is 
in the estimation of the coefficient of restitution, thickness of the surface liquid layer 
and the height of the surface asperities as these are experimentally difficult to quantify 
and are a function of time and binder liquid content and will be dynamic during the 
course of the granulation process [58]. 
 
The model of Liu et al [58] builds on this model and is written in terms of bulk 
parameters of the formulation-binder mixture and of process intensity, including 
dimensionless groups such as viscous and Stokes deformation numbers, and the ratio of 
the plastic yield stress to elastic modulus. The model gives the conditions for two types 
of coalescence: type I and type II. For type I coalescence granules coalesce by viscous 
dissipation in the surface liquid layer before the granule surfaces contact. In type II 
coalescence granule surfaces contact and deform. Relative granule velocity is reduced 
to zero by viscous forces during rebound. The model considers coalescence between 
two surface wet granules to occur in three stages. The approach stage describes the 
squeezing of surface liquid from between granules in the collision contact area. The 
deformation stage describes the collision impact velocity between two granules and 
their separation distance. In this stage granules begin to deform and at a critical 
separation distance and collision velocity excess kinetic energy is stored elastically, 
some of which is dissipated by interparticulate movement and viscous forces. When the 
collision velocity is reduced to zero a contact area has formed between the two 
granules. The separation stage describes the rebound of the two granules with an initial 




collision kinetic energy is completely dissipated by either viscous losses in the surface 
liquid layer or plastic deformation in the granule matrix. The model predicts that 
granules will rebound if the energy attributable to the granule velocity at the end of the 
separation stage exceeds the strength of the liquid bridge. 
 
1.4.4 Growth behaviour 
 
Granule growth behaviour can be divided into two broad classes: steady growth and 
induction growth (Figure 1-4) [49]. The type of growth depends on the deformability 
and consolidation rate of the granules.  
 
 
Figure 1-4. Schematic of steady and induction growth mechanisms. Taken from [49]. 
 
Steady growth occurs when weak, deformable particles form a large contact area during 
collision and liquid may be squeezed into the contact zone. If this bond is strong enough 
to resist the separating forces within the granulator, then the pair of granules will 
coalesce to form a new larger granule (Figure 1-4A). This behaviour leads to a steady 
increase in granule size and is common in systems with coarse, narrowly-sized particles 
and low surface tension and/or low viscosity binders [15, 59, 60]. Induction growth 
occurs when strong, slowly consolidating granules do not deform sufficiently during 





quickly break apart, and there is a period of little or no growth, so named the induction 
period (Figure 1-4B). The length of this induction period decreases with increasing 
liquid content, and will become zero above a critical liquid content. If granules 
consolidate sufficiently the binder liquid may eventually be squeezed to the surface of 
the granules. This surface liquid enables bonds to form between granules without the 
need for large amounts of deformation. This triggers rapid granule growth until granules 
become so large that further coalescence is prevented by the impact force of the 
granulator impeller. This type of growth behaviour is often seen in systems with fine 
particles and/or viscous binders [16, 60, 61].  
 
Other types of behaviour include: nucleation only when granule nuclei form, but there is 
insufficient binder liquid to promote further growth; crumb behaviour when the 
formulation is too weak to form permanent granules but instead forms a loose crumb 
material which cushions a few large granules which are constantly breaking and 
reforming; and overwetting where excess binder liquid is present and the system 
exhibits uncontrolled growth [49]. 
 
1.4.5 Effect of primary particle size  
 
Since free surface liquid is necessary in order to obtain agglomeration, the optimum 
amount of liquid required for granulation will depend upon the accessible surface area 
of the powders. A smaller particle size results in a larger surface area of the powder. 
Therefore for a given constant binder liquid volume a decreasing particle size will result 
in a smaller granule size or alternatively a larger volume of binder liquid will be 
required to keep granule size constant when powder particle size decreases.  
 
Kristensen et al [46], and later Iveson and Litster [45], found that dicalcium phosphate 
granule strength increased with decreasing powder particle size. Since the deformability 
of the granule determines the probability of coalescence a higher strength granule 
deforms less and slows the growth rate. Supporting data were reported by Hsiau et al 
[62] who found that as the primary particle size (d50) of calcium carbonate increased 
from 1.5 to 82.5 μm the rate of granule growth increased. They also proposed that 
granules comprising smaller primary particle size were stronger and suffered a lesser 




granulations. They explained the observations as being due to the fact that the attractive 
force for finer agglomerates is greater per unit volume than the larger particles and 
therefore a stronger granule is obtained. Such nuclei will be brittle and will tend to 
rebound off each other when they collide resulting in a lower growth rate when 
compared to granules comprised of larger particles, which will be more plastic and 
deform readily upon collision and coalesce to form larger granules. This was only the 
case when the experiments were performed with a constant volume of binder liquid but 
a changing dry powder particle size and the differences were overcome by bringing all 
granulations to the same liquid saturation [63].  
 
It has been suggested that a bimodal particle size distribution will favour coalescence 
and growth through a layering mechanism of smaller particles onto the surface of larger 
ones [36, 64, 65]. Smaller particles will have lower collision energy than larger 
particles. This lower energy is more likely to be dissipated upon collision for smaller 
agglomerates resulting in a greater probability of coalescence between a small and a 
large particle, than between a collision of two large particles.  
 
When the excipients are semi-soluble in the binder liquid the amount of liquid has to be 
decreased to account for the reduced powder surface area and increased liquid volume 
caused by dissolution of excipients. Since the smallest particles will dissolve faster the 
reduction in surface area can be large and must be reflected in the reduction in binder 
liquid amount. When preparing lactose granules, that were partially soluble in the 
binder liquid, the liquid saturation required for significant growth was within the range 
of 0.3–0.6 [66]. However when experiments were carried out using a polyethylene 
glycol (PEG) binder liquid, in which the lactose was not soluble, rapid growth by 
coalescence required liquid saturations in the markedly higher range of 0.8–0.9 [67].  
 
1.4.6 Binder liquid properties 
 
The powder bed can be considered as a porous surface consisting of a series of capillary 
pores into which binder liquid will only penetrate when the wetting thermodynamics are 
favourable, i.e. the contact angle between the powder surface and the binder liquid 
droplet is less than 90 ° [21]. A high contact angle between the binder liquid and the dry 




28]. Provided that wetting thermodynamics are favourable then the binder liquid 
properties that will influence the granulation process are viscosity and surface tension. 
 
An increase in binder liquid viscosity has been found to promote granule growth up to a 
certain critical value above which granule growth decreases [68]. For example the 
minimum silicone oil binder liquid viscosity necessary to form granules from various 
particle sizes of calcium carbonate has been reported [69]. A silicone oil viscosity of 10 
mPa.s was necessary to from granules when considering calcium carbonate primary 
particles with a mean size of 8 µm, a viscosity of 100 mPa.s was necessary for particles 
of 50 to 80 µm and a viscosity of 1 mPa.s was necessary for particles of 230 µm. 
Granulation with low viscosity binder liquids is thought to be controlled by a layering 
growth mechanism while granulation with higher viscosity binder liquids is thought to 
be controlled by a coalescence mechanism [44]. 
 
A decrease in binder liquid surface tension can decrease granule growth by decreasing 
the strength of liquid bridges between particles meaning dilation or breakage is more 
likely [47]. A decrease in surface tension therefore typically produces granules of a 
smaller size and higher porosity. This effect was demonstrated for glass ballotini with 
surface mean diameters of 19 µm which were granulated with glycerol binder liquids of 
varying surface tension which was manipulated using sodium dodecylbenzene 
sulphonate surfactant. As surface tension was increased from 48 to 72 mN m
-1
 the 
granule porosity decreased from ~0.39 to ~0.35 with the rate of consolidation also 
decreasing as the surface tension increased [45]. 
 
1.4.7 Wet granule strength 
 
Rumpf [57] first calculated wet granule strength, σ, with the assumption that capillary 
forces in wet granules were dominant: 
 
       
  –  
 
     
  





where Smax is the liquid saturation, ε is the granule porosity, γ is the liquid surface 
tension, θ is the liquid-solid contact angle and dp is the particle size of the primary 
particles, 
 
Ennis et al [42] postulated that in a dynamic situation viscous forces are likely to be 
dominant and therefore proposed a modified version of the Rumpf equation to calculate 
granule strength in the wet state: 
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                 Equation 1-12 
 
where µ is the liquid viscosity, νp is the relative velocity of particles within the 
granulator and d3,2 is the surface mean particle size of the primary particles. 
 
However, it has been shown that both static and dynamic forces contribute to granule 
growth [70] therefore an additive model derived by Liu and Litster [71] has been 
proposed.  
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               Equation 1-13 
 
This model (Equation 1-13) considers both the capillary strength and dynamic strength 
of the liquid bridges when calculating granule strength in the wet state.  
 
1.4.8 Stokes deformation number 
 
The dimensionless Stokes deformation number, Stdef, first proposed by Tardos et al  [36] 
and later adapted by Iveson et al [48], is the ratio between the externally applied kinetic 
energy of the wet granules just before collision to the energy dissipated by the liquid 
bonds between the particles [36, 42]. 
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where ρg is the granule’s density and νc is the representative collision velocity. A small 
Stokes deformation number implies that significant energy is dissipated in deforming 
the granule during a collision. The use of Stokes deformation number has been reported 
in the literature for both drum granulators and high shear mixers [48, 72-75].  
 
1.4.9 Growth regime map 
 
The growth regime map (Figure 1-5), originally proposed by Iveson and Litster [49] and 
later modified by Iveson et al [48], considers the granule liquid saturation, Smax, and the 
Stokes deformation number, Stdef, as the two variables that determine the growth regime 
that a given granulation process will operate within. The model is considered useful in 
that it ties easily measureable material properties (e.g. binder viscosity, wet granule 
strength, granule density and size) to operating conditions such as particle collision 




Figure 1-5. Growth regime map for liquid bound granules. Taken from [48]. 
 
The regime map does have limitations. It does not consider wetting and nucleation 
effects and by consequence does not consider control of drop penetration time and 
dimensionless spray flux [49]. These are of particular importance in the nucleation and 
induction regimes where they can influence the size distribution and porosity of 




but does give an indication of the dominant growth mechanism and gives an informed 
directional approach to process scale-up, transfer and process control strategies. 
 
The regime map does not replace experimentation with a given formulation or piece of 
equipment since variables such as temperature, which will affect binder liquid viscosity, 
surface tension and also solids dissolution, and the extent of consolidation that a given 
formulation will reach, cannot currently be predicted [48]. Therefore some degree of 
experiments with a given formulation and piece of granulation equipment are necessary. 
 
1.5 Attrition and breakage 
 
Wet granule breakage (Figure 1-1C) is understood less thoroughly than either the 
wetting and nucleation or consolidation and coalescence mechanisms. The breakage 
mechanism is however very important as it will influence, and potentially control, the 
final granule size distribution especially in high shear granulators [71]. Iveson et al [48] 
discussed the relevance of granule consolidation in breakage, and suggested that an 
increase in impeller speed will increase the collision velocity between granules. If the 
increase in collision energy is greater than the dissipation capacity of the system then 
colliding granules will rebound and potentially break which reduces the probability of 
granule coalescence and growth. An increase in wet massing time results in repeated 
impacts with the impeller blades which can cause increased breakage and densification 
of granules. Generally an increase in massing time narrows the granule size distribution 
and decreases the porosity [24, 25, 32, 40, 77]. Over time the granules consolidate and 
increase in strength, resulting in an equilibrium between granule growth and breakage 
and a plateau in granule size is reached [32]. This assumes that heat generation and 
further dissolution of formulation components does not take place during the 
equilibrium phase.   
 
Tardos et al [36] developed a criteria where a granule will break if the applied kinetic 
energy during an impact exceeds the energy required for breakage. The breakage 
condition was posed such that if Stdef was greater than the critical St*def then breakage 
would occur. In this work these workers [36] defined a very similar Stokes deformation 
number to that adopted to describe the growth mechanisms in wet granulation processes 




granules undergo plastic deformation upon collision prior to breakage. Increasing 
impeller speed will increase the impact velocity and hence the Stokes deformation 
number. Granule consolidation also increases as a function of both frequency and 
energy of impacts up to a point at which collision energy is excessive and breakage 
over-rides consolidation  [42, 78]. Therefore increasing impeller speed should shift a 
system’s behaviour from a nucleation regime to steady or induction growth; and from 
steady growth to crumb, rapid, or over-wetted growth. Granule breakage has been 
postulated to be related closely to granule yield strength [71]. The rate of breakage of 
glass ballotini and lactose particles was found to be significantly influenced by liquid 
saturation, binder liquid viscosity and surface tension, and primary powder particle size. 
The calculated Stokes deformation number gave a good prediction of the breakage 
probability for each formulation and an upper boundary value of >0.2 was proposed to 
represent the point at which breakage increased [71]. 
 
Granule breakage has also been investigated through the addition of dyed tracers, either 
in the granules or binder liquid. Using an 8-L high shear granulator and amaranth dye to 
colour a fraction of pellets, the dye concentration across several sieve size 
classifications was tracked, and it was found that an increase in impeller speed 
increased the rate of granule breakage [79]. A similar study in a 30-L high shear 
granulator was conducted using blue Patent V80 dye [80], where an initial fast 
movement of dye to smaller granule size fractions was followed by a slower increase. 
The movement of dye was shown to be dependent upon the age of the granules, with the 
younger granules experiencing a greater extent of breakage [80]. This was proposed to 
be consistent with the fact that larger granules tend to be weaker than smaller granules, 
and are present in greater quantity earlier in the granulation process, therefore breakage 
is greater in the earlier stages of the process [81]. The reduced breakage over time is 
also consistent with the fact that granules will consolidate to a greater extent as the 









1.6 Alternative Wet Granulation Methods 
 
Optimisation limits for conventional wet granulation have essentially been reached and 
the opportunity now exists for the development of alternative and streamlined wet 
granulation techniques, which eliminate variables that currently present barriers to the 
control of the granulation process, or can reduce the costs of production. Recent 
examples include development of melt granulation techniques to allow the processing 
of hygroscopic sodium valproate drug substances [82] and to improve moisture stability 
of dipeptidylpeptidase IV [83]. Fluidised bed granulation offers more uniform particle 
characteristics and higher granule porosity compared to conventional high shear mixer 
processes [84]. These two techniques have also been combined in a co-melt fluidised 
bed granulation process developed to enhance ibuprofen bioavailability [85]. Foam 
granulation has also recently been introduced with the advantages of improved binder 
distribution, shorter processing times and elimination of spray nozzles [86]. Presently a 
reverse-phase granulation process is proposed as a novel approach where dry powder is 
immersed into the binder liquid, thus eliminating the traditional granule nucleation 
variables. Such a reverse-phase process would form granules by a controlled breakage 
mechanism which would proceed in the direction of reduced liquid saturation, thus 
decreasing the risk of uncontrolled growth and batch loss. 
 
1.7 Aims and Scope of the Thesis 
 
The aim of the present study was to investigate the feasibility of developing a novel 
“reverse-phase” wet granulation process. Such a reverse-phase process would involve 
the controlled addition of the powder formulation into the agitated binder liquid to 
create saturated moist granules. It is hypothesised that the addition of further powder 
mass would reduce the liquid saturation of the granules and enable mechanical 
distribution of the binder liquid to take place until the desired particle size was obtained 
through controlled breakage. This is in contrast to the conventional granulation 
approach where the binder liquid is added to the dry powder and addition of further 
binder liquid increases the liquid saturation of the granules and granule growth takes 
place by controlled coalescence. A number of advantages motivate the development of 





First, the wetting and nucleation mechanisms in conventional granulation processes are 
very sensitive. Drop penetration time is sensitive to formulation properties such as 
powder bed porosity and effective pore size, both of which depend upon agitation 
intensity and variations in powder particle size. Dimensionless spray flux is sensitive to 
binder addition variables such as droplet size, spray area and powder flux which are 
difficult to control. As a result the control of the nucleation process in a laboratory 
environment is challenging, and often not even possible on the commercial scale [41]. 
Since the proposed reverse-phase process would follow an immersion mechanism the 
drop penetration time and dimensionless spray flux would not be relevant. Instead 
binder liquid is likely to be dispersed by a breakage mechanism, controlled by the liquid 
saturation, wet granule strength and agitation intensity in the granulator. 
 
Second, granule growth in the conventional granulation process involves a careful 
progression in granule pore saturation so as to promote consolidation and coalescence, 
but to terminate the process immediately prior to the point of uncontrolled growth. In a 
commercial conventional granulation process the binder liquid typically contains a 
predetermined quantity of polymer binder, dissolved in a fixed quantity of water to form 
the binder liquid, which is subsequently sprayed onto the powder formulation in its 
entirety. Careful control of several, often poorly understood and uncontrolled variables, 
including primary powder particle size, powder flow patterns and collision energies, is 
required to ensure that the fixed quantity of binder liquid results in granules of the 
desired properties and that the appropriate process endpoint criteria are met. Any 
variation in these, or other, variables can result in over saturation of the powder, 
uncontrolled granule growth and batch loss. In the commercial manufacturing 
environment batch loss incurs not only the financial expense of the drug and raw 
materials which can be very significant, but also the direct and indirect labour hours 
invested and the equipment depreciation cost allocated against the batch. Additionally, 
the supply chain and sales implications of missing customer orders is significant and 
can damage the company or product brand. Therefore process robustness is of utmost 
importance.  
 
A reverse-phase process would start at a state of complete pore saturation and use 
controlled breakage to reduce granule size and disperse the binder liquid throughout the 




and the process would move away from a point of over-wetting, uncontrolled growth 
and batch loss. In contrast the conventional granulation process is designed to proceed 
in the opposite direction. As the conventional process advances the liquid saturation 
increases and the process is terminated immediately prior to the point at which 
uncontrolled growth is triggered.  
 
In the context of the previously described theory this means the reverse-phase process 
begins at a very undesirable point operating under an immersion nucleation regime 
where the dimensionless spray flux is very large and the liquid saturation is such that 
slurry growth conditions exist. However, it is hypothesised that under this mechanism 
the manipulation of a few easier to control variables (binder quantity, binder viscosity 
and impeller speed) is sufficient to reach the desired granule properties without the risk 
of uncontrolled growth and batch rejection. 
 
Two potentially negative consequences of the reverse-phase approach are 
acknowledged. First, it is thought that due to the nature of the immersion mechanism 
employed in the reverse-phase process the granules may undergo greater consolidation 
and therefore have a greater strength than conventional granules, which may 
detrimentally affect the compaction characteristics. Second, this approach will be likely 
to increase the potential for drug dissolution during the process. Therefore 
transformation of the drug to a new polymorphic or hydration state is possible which 
has potential negative processing, bioavailability and regulatory implications. Both of 
these considerations are investigated in the present work to understand possible 
limitations of the novel approach.  
 
Accordingly, the objectives for each chapter of this thesis were: 
 
Chapter (1): To evaluate the current state of wet granulation understanding as 
summarised in the present chapter. The popularity and application of regime maps and 
dimensionless numbers was discussed. In particular granule porosity was noted as an 
important material attribute in understanding granulation mechanisms and was also 
highlighted as a critical measurement used to calculate granule liquid saturation and 





Chapter (2): To assess powder pycnometry as a method for the measurement of 
granule porosity. Porosity is traditionally measured by mercury porosimetry, however 
powder pycnometry offers cycle time, cost and safety advantages. An assessment of the 
powder pycnometry experimental procedure and any methodological limitations has not 
yet been reported for granules with diameter <10 mm. 
 
Chapter (3): To study the effect of moisture on the compaction properties of the 
selected model raw material, hydroxyapatite. Hydroxyapatite is exposed to moisture 
during the wet granulation process and can also absorb moisture from the environment. 
Minimal investigation into the compaction properties of hydroxyapatite, in particular 
the effects of moisture, have been reported. 
 
Chapter (4): To study the effect of binder liquid quantity and viscosity on the reverse-
phase process and contrast the results with the conventional granulation process. Liquid 
saturation and binder liquid viscosity are significant variables in the consolidation and 
coalescence of wet granules. The conventional granulation process is susceptible to 
uncontrolled growth at elevated liquid saturation, however it was hypothesised that the 
reverse-phase process may be less sensitive. 
 
Chapter (5): To study the effect of impeller speed and binder liquid viscosity on the 
reverse-phase process and contrast the results with the conventional granulation 
process. It was hypothesised that impeller speed can be used to control the size 
distribution of granules prepared by a reverse-phase process. Additionally, it is 
hypothesised that the reverse-phase process may produce granules of greater strength 
which would form tablets of lower tensile strength when compared to the conventional 
process. 
 
Chapter (6): To develop a growth regime map for the reverse-phase granulation 
process. The growth regime map, developed for the conventional process, considers the 
granule liquid saturation and Stokes deformation number as the two variables that 
determine the growth regime that a given granulation process will operate within. The 
model is considered very useful since it links measureable material properties to process 





Chapter (7): To monitor the in-situ hydration of anhydrous theophylline during the 
reverse-phase granulation process using Raman spectroscopy, and compare the results 
with a conventional granulation process. It is hypothesised that the reverse-phase 
process represents a higher risk solid state transformations due to the immersion of 
formulation components in the binder liquid. 
 
Chapter (8): To give a general discussion of the thesis and provide context for the 
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CHAPTER TWO: AN ASSESSMENT OF POWDER PYCNOMETRY AS A 


















Porosity is an important property of pharmaceutical granules which can affect strength 
[1], compactibility [2] and dissolution behaviour [3]. Porosity is also an important 
physical property used to characterise granule consolidation behaviour during wet 
granulation processes [4, 5]. The calculation of important parameters such as granule 
liquid saturation (Section 1.4.1) and wet granule strength (Section 1.4.6) both require 
determination of the granule porosity. These parameters are used in the present thesis 
and therefore a practical and efficient method for the determination of granule porosity 
was investigated. 
 
The porosity of a granule sample can be calculated from its envelope, or apparent 
density, and true density as follows: 
 
      
  
  
             Equation 2-1 
 
where ε is the sample porosity, ρt is the sample true density and ρe is the sample 
envelope density. The envelope density of a solid is defined by the American Society 
for Testing Materials (ASTM D3766) as the ratio of the mass of a particle to the sum of 
the volumes of the solid in each piece and the voids within each piece, that is, within 
close-fitting imaginary envelopes completely surrounding each piece.  
 
Envelope density is generally determined by using low pressure mercury porosimetry 
[6], however mercury is a toxic substance with associated handling problems, the 
method is relatively time consuming, and the apparatus relatively costly. As an 
alternative a powder pycnometer has been developed, the GeoPyc® 1360 apparatus, 
which is designed to measure envelope density. The apparatus is marketed with claims 
of offering improved safety, shorter cycle times, whilst also providing instrument cost 
advantages. The use of the GeoPyc® apparatus involves the addition of a measured 
sample mass to a known volume of quasi-fluid media (DryFlo®). The apparent sample 
envelope volume is measured by displacement theory allowing the calculation of the 





When considering powder pycnometry the packing behaviour between the displacement 
media and the sample is a potential limitation in the method and must be considered. 
The addition of a solid sample particle to a bed of displacement media increases the 
total volume by an amount attributable to both the volume of the added sample particle 
and the volume due to steric repulsion induced by the presence of the new sample 
particle [7]. While the volume of the added sample particle can be considered a 
constant, the volume increase associated with packing density will be expected to be a 
function of the particle size of both the sample particles and the displacement media, i.e. 
packing efficiency. Changes in packing efficiency could therefore potentially cause 
deviations in the envelope density measurements obtained when compared to a 
reference method, such as mercury porosimetry where packing efficiency is consistently 
achieved. It is important to investigate these limitations and consider whether certain 
circumstances exist where the advantages of the powder pycnometry method outweigh 
the disadvantages of the mercury porosimetry method. 
 
The use of the GeoPyc® powder pycnometry method has previously been shown to be 
robust for envelope density measurement of larger bodies. The envelope density for 
rectangular roller compacted ribbons of 10 mm width x 22 mm length x 2 mm thickness 
measured using the GeoPyc® was shown to be consistent with manual caliper 
measurements [8]. Similarly, envelope density measurement of spherical green iron ore 
pellets of  10–12.5 mm diameter measured using the GeoPyc® were shown to have an 
excellent correlation with envelope density results obtained by mercury porosimetry (R
2
 
0.972) [9].  
 
The method has also been used to measure the envelope density of pharmaceutical 
granules. Litster et al [10] used the GeoPyc® apparatus to measure the porosity of 17 
different size fractions of calcite / aqueous polyvinyl alcohol granules in the range 53–
4750 µm. These researchers concluded that the porosity values calculated from the 
granule envelope density measurements of the GeoPyc® were reproducible for each 
granule size fraction as indicated by the narrow error bars. Carvajal and Macias [11] 
measured the envelope density of microcrystalline cellulose granules, comprising 12 
sieve fractions in the size range 53–1190 µm, using the GeoPyc®. They modelled the 
relationship between granule density and granule strength using an exponential fit 
model and obtained an R
2





results generated using the GeoPyc®. Ghadiri et al [12, 13] used the GeoPyc® 
apparatus to measure the porosity of calcium carbonate granules prepared with 65 % 
w/w aqueous PEG 4000 in the size range 500–600 µm prepared at different impeller 
speeds. In the earlier work [12] these researchers generated envelope density results 
using both the GeoPyc® and mercury porosimetry methods and while they did not 
perform a comparative analysis of the methods they presented the raw data for each 
method. Linear correlation of their data, as part of this present study, yielded an R
2
 of 
0.9556. These data only represented three paired data points for each method so the 
correlation is tentative, but does indicate that the method shows promise and may be 
able to be used in place of mercury porosimetry.  
 
These published results indicate that the GeoPyc® powder pycnometer has found 
application for the measurement of envelope density of pharmaceutical granules of 
varying size. However, none of these studies has fully evaluated the comparability of 
this method to the reference mercury porosimetry method for granules. Nor did any of 
these studies explore the limitations of the powder pycnometry method in terms of the 
effect of sample particle size on packing efficiency, which would be seen as a deviation 
from an ideal linear correlation with the mercury porosimetry method. The experimental 
procedure and physical properties of the DryFlo® displacement media have also 
received little attention and have not been thoroughly investigated.  
 
Accordingly, the present aims of the study were to: 1) investigate DryFlo® particle size 
reproducibility and consolidation properties, 2) determine the number of preparation 
cycles required before test measurements should be taken, 3) compare the results 
obtained by powder pycnometry to those generated using mercury porosimetry, and 4) 











Pharmaceutical grade hydroxyapatite (HA) (TRI-CAL WG
TM
, tricalcium phosphate 
anhydrous granular) was obtained from Innophos, Chicago Heights, Illinois, USA. Poly 
(vinyl pyrrolidone) (PVP) (Plasdone K29/32) was obtained from ISP Pharmaceuticals, 
Covington, Kentucky, USA. DryFlo® displacement media was obtained from 
Micromeritics, Norcross, Georgia, USA. 
 
2.1.2 Granule preparation and physical characterisation 
 
2.1.2.1 Granulation process 
 
Aqueous granulation binder liquid was prepared by dissolving 10 or 20 % w/w PVP in 
water. Following dissolution of the PVP, the solution was held without agitation for at 
least 12 h to allow deaeration. Granules were prepared using the novel reverse-phase 
granulation process in a 1-L high shear granulator (P1-6, Diosna Dierks & Sohne 












For the reverse-phase granulation process the total volume of binder liquid was added 
directly to the granulator bowl. Separate experiments were performed employing 50, 
100, 150, 200 and 250 cm
3
 of the 10 or 20 % w/w aqueous PVP binder liquid. The 
binder liquid was mixed for 30 s using an impeller speed of 400 rpm (3.14 m s
-1
) and 
chopper speed of 1000 rpm (0.89 m s
-1
). Following mixing 600 g of dry HA powder 
was added to the moving liquid using a vibratory feeder with a feed rate of 
approximately 5 g s
-1
 (Syntron F-T0, FMC Technologies Inc., Tupelo, Mississippi, 
USA). Wet massing was performed for 10 s following complete addition of the HA 
powder. 
 
The resultant granules were dried as a thin layer in a hot air convection oven 
(Lindberg/Blue, SPX Thermal Solutions, Rochester, New York, USA) at 60 ºC to a 
moisture content of ≤ 1.2 %, as measured by loss on drying at 105 ºC (Computrac 
MAX2000-XL, Arizona Instruments, Chandler, Arizona, USA).  
 
Granules generated from each granulation experiment were sampled and the envelope 
density measured using the GeoPyc® powder pycnometer. From these initial results six 
experimental conditions were selected (Table 2-1) which represented a range of 
envelope density values. Granules generated under these conditions were characterised 
further for particle size, bulk and tapped density and envelope density measured by 
mercury porosimetry as described subsequently.  
 
2.1.2.2 Envelope density using powder pycnometry 
 
The envelope density of granule samples (n=4) was determined by a powder 
pycnometry method (GeoPyc® 1360, Micromeritics, Norcross, Georgia, USA) which 
uses displacement theory to determine the sample volume. DryFlo®, a quasi-fluid 
powder is used as the displacement media. DryFlo® (~2.5 cm
3
) is added to the sample 
chamber (25.4 mm diameter) and a stepper motor inserts a piston into the rotating 
chamber until a pre-determined force (51 N) is reached. Each count on the stepper 
motor is equivalent to a known displacement of the piston allowing the use of a 
conversion factor to calculate a volume measurement. A pre-determined number of 
preparation cycles are completed to allow consistent consolidation of the DryFlo®. 





blank cycles are then performed to obtain a volume measurement of the DryFlo® 
media. An accurately weighed sample (~4 g) is then added to the sample chamber and 
the pre-determined number of preparation cycles repeated. Subsequently a pre-
determined number of sample measurements are performed to obtain a total volume 
measurement for the DryFlo® and sample. The sample weight is divided by the 
difference between the sample and blank volume measurements to obtain an envelope 
density result. The following equations were used to calculate sample envelope density: 
 
                   Equation 2-2 
 
                                      Equation 2-3 
 
Vb = Vc – (   x Ce)        Equation 2-4 
 
Vs =    (Cp - Ce)        Equation 2-5 
 
     
 
  
          Equation 2-6 
 
where Vc is the chamber volume (33.523 cm
3
), do the zero depth calibration value of 
6.6259 cm, CSA the sample chamber cross sectional area (5.067 cm
2
), Cv the volume 
equivalent to one count of the piston motor (cm
3
/count) [14], D the chamber diameter 
(25.4 mm), Vb the DryFlo® blank volume (cm
3
), Ce the motor count with no sample 
present, Vs the sample volume (cm
3
), Cp the motor count with the sample present, pe the 
sample envelope density (g cm
-3
) and W the sample weight (g). 
 
2.1.2.3 Granule size analysis 
 
Approximately 100 g of dried granules (n=4) were placed onto tared 8 inch diameter 
ASTM certified screens (pan, 75, 150, 250, 425, 600, 850, 1000, 1700, 2000, 3350, 
4750 and 8000 µm). The sieve stack was then mounted on a single intensity sieve tester 
(RoTap RX-29, W.S. Tyler, Mentor, Ohio, USA) and the granules sieved Preliminary 
work indicated that sieving times of 5, 10 and 15 minutes showed no differences in the 





After sieving 13 size fractions were collected and the mass mean diameter, dpm, was 
determined using the following equation: 
 
     
           
     -  
         Equation 2-7 
 
where fi  is the mass fraction of size interval i, dpi is the mean diameter of size interval i 
(µm).  
 
2.1.2.4 Bulk and tapped density 
 
Bulk and tapped densities (n=4) were measured using a tap density meter (Vankel, 
Cary, North Carolina, USA). A weight of granule, W, with an apparent volume of at 
least 50 cm
3
 was placed into a graduated cylinder secured in its holder. The unsettled 
apparent volume, V0, was determined to the nearest cm
3
. Bulk density calculated as 
W/V0.  
 
The sample was then tapped 300 and 600 times and the corresponding volumes V300 and 
V600 recorded to the nearest cm
3
. If the difference between V300 and V600 was ≥1 cm
3
 
another 300 taps were performed until a constant volume, Vx, was recorded. Tapped 
density was calculated as W/Vx.  
 
2.1.2.5 Envelope density using mercury intrusion porosimetry 
 
The envelope density of granule samples (n=3) was determined by mercury intrusion 
porosimetry (AutoPore, Micromeritics, Norcross, Georgia, USA) and was employed in 
accordance with the method described by Alderborn et al [6]. A sample holder 
(penetrometer) of a bulb and stem volume of 6 cm
3
 and 1.13 cm
3
 respectively was used. 
The empty penetrometer was placed into the porosimeter and filled with mercury to 
determine the fill volume of the penetrometer. The penetrometer was then emptied of 
mercury, cleaned and dried. The penetrometer was then loaded with granule samples of 
approximately 1 g (weighed to 0.0001 g) and filled with mercury at a pressure of 14.7 
psi (corresponding to atmospheric pressure of 0.10 MPa). The volume of the granule 





and the volume of mercury intruded into the penetrometer containing the sample. The 
pore size, d, intruded by mercury was estimated using the Washburn equation [15] to be 
12 µm: 
 
     
   
 
              Equation 2-8 
 
where γ is the surface tension of mercury (0.485 N m-1) [6], P is the applied pressure 
(0.10 MPa) and θ is the contact angle between mercury and the pore wall (130°) [6]. 
 
2.1.2.6 Scanning electron microscopy 
 
Scanning Electron Microscopy (SEM) images were captured using a scanning electron 
microscope (FEI Company, Hillsboro, Oregon, USA). Samples were platinum coated 
prior to analysis to reduce sample charging using the following parameters: target type 
= noble, 45 mA current, 90 s sputter time and 2 min pump hold. Sputter coated samples 
were analysed under high vacuum with 10 kV accelerating voltage and spot size 3.0. 
 
2.1.2.7 DryFlo® particle size analysis 
 
DryFlo® displacement media particle size (n=3) was measured by a dry dispersion laser 
light scattering method (Scirocco 2000, Malvern, Worcestershire, UK) with a micro 
volume tray (2–10 g) operated with 29 % vibration feed and 0.1 bar dispersive air 
pressure such that a final obscuration range of 0.5–6.0 was attained. The size range of 
the output was 0.02–2000 µm. Data were analysed using the general purpose 
Fraunhofer diffraction model and the d10%, d50% and d90% particle size results were 
reported for each sample where d represents the particle diameter and 10, 50 or 90 
represents the percent of particles in the distribution with a size equal to or less than that 
diameter. 
 
2.1.2.8 Statistical analysis 
 
Statistical analysis was performed using JMP® version 9.0.3 (SAS Institute Inc., Cary, 





sample size of n ≥6 [16] were tested for normality using the Shapiro-Wilk test for 
normality [17]. The null hypothesis for the Shapiro-Wilk test stated that the data were 
normally distributed and a p-value <0.05 rejected the null hypothesis. If the null 
hypothesis for normality was accepted the data were analysed using the parametric 
ANOVA with Tukeys honestly significant difference (HSD) post-hoc test (referred to as 
ANOVA subsequently). The null hypothesis stated that there was no significant 
difference between means and a two-tailed p-value <0.05 rejected the null hypothesis. If 
the null hypothesis for normality was rejected, or the sample size was <6 [16], the data 
were analysed using the non-parametric Wilcoxon each pair test [18] (referred to as 
Wilcoxon subsequently). The null hypothesis stated that there was no significant 
difference between means and a two-tailed p-value <0.05 rejected the null hypothesis 
for a sample size of n ≥4 and a two-tailed p-value <0.10 rejected the null hypothesis for 






2.2 Results and Discussion 
 
2.2.1 Physical characterisation 
 
HA granule bulk and tapped density, mass mean diameter and envelope density were 
determined for each sample (Table 2-1). Bulk density showed an initial increase (p 
<0.05 Wilcoxon) with binder volumes of 50–150 cm3, followed by a decrease when 250 
cm
3
 of binder liquid was used for both binder liquid concentrations. Tapped density 
decreased (p <0.05 Wilcoxon) with increasing binder liquid volume, indicating a 
reduction in packing efficiency, which is likely a result of the increase in mass mean 
diameter (p <0.05 Wilcoxon). Envelope density increased with increasing binder liquid 
volume when measured using the GeoPyc® (p <0.05 Wilcoxon) and was confirmed by 
mercury porosimetry (p <0.10 Wilcoxon). 
 
Mass mean diameter and envelope density both increased as a result of increased binder 
liquid quantity. This is consistent with previous findings where larger sized granules 
tended to be less porous [5, 19, 20] and this observation has been attributed to two 
factors. First, the deformability of the granules is greater at higher liquid contents 
resulting in larger and more compact granules [10, 19]. Second, larger granules are 
generally composed of smaller particles [21, 22] and as a result of the closely packed 
nature of the granule structure the pore volume is smaller [23, 24]. 
 
Table 2-1. Summary of granulation process conditions and granule physical properties. 
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The displacement media, DryFlo®, is composed of silica beads lubricated by fine 
graphite particles. Scanning electron micrographs (Figure 2-2) show the silica beads to 
be spherical in shape, smooth surfaced and hollow in some cases. Small irregular 
particles are present on the surface of the spheres. 
 
A      B 
 
C      D 
 
 
Figure 2-2. Scanning electron micrograph of DryFlo® media, A – 63 x magnification, 









DryFlo® samples (~1 g) were taken in triplicate, using a stainless steel sample thief 
(Sampling Systems Ltd., Warwickshire, UK), from locations at the top, middle and 
bottom of each of three separate 3 L DryFlo® bottles received from the vendor. The 
d10% and d50% (Figure 2-3) results are similar (p >0.05 Wilcoxon) across all of the 
samples taken, however the d90% values for the size of the DryFlo® show clear 
differences in both the mean and standard deviation for three of the sample locations 
(Bottle 1 Bottom, Bottle 1 Middle and Bottle 3 Middle). Evaluation of the particle size 
distribution in Figure 2-4 shows evidence of a bimodal distribution in replicate 3. Visual 
observations of the sample during analysis confirmed that the sample with a bimodal 
distribution contained black agglomerates approximately 1–2 mm in diameter. 
 
 
Figure 2-3. d10%, d50%, d90% particle size results for DryFlo® displacement media. Error 
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Figure 2-4. Example particle size distributions obtained for DryFlo® displacement 
media showing a bimodal peak in some samples which appeared to be associated with 
the presence of graphite agglomerates. 
 
Scanning electron micrographs (SEM) and energy dispersive spectrographs (SEM-EDS) 
of the agglomerates were obtained. A mixture of large smooth graphite agglomerates 
(Figure 2-5A and Figure 2-5B) and smaller irregular agglomerates (Figure 2-5C and 
Figure 2-5D) were observed. In all cases the integrity of the structure of the particles 
was extremely weak and did not survive the SEM low-vacuum platinum sputter coating 
procedure and micrographs were therefore obtained using uncoated samples only. As a 
result silica beads on the surface of the agglomerates in Figure 2-5A and Figure 2-5B 
appear silver in colour due to static charging. SEM-EDS indicated that carbon was the 
principal elemental component of the agglomerates, consistent with the graphite 
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Figure 2-5. Scanning electron micrograph of agglomerates identified in DryFlo® 
media, A – 60 x magnification, B – 240 x magnification, C – 500 x magnification, D – 








As a precaution the DryFlo® media used for further analysis was sieved through a 500 
µm screen to remove or break up, any agglomerates prior to use. Particle size analysis 
was repeated for the sample locations that displayed a bimodal distribution using sieved 
DryFlo®. Similar d90% results (p >0.05 Wilcoxon) were then obtained across all sample 
locations (Figure 2-6). 
 
 
Figure 2-6. d10%, d50%, d90% particle size results for DryFlo® displacement media. Error 
bars represent 1 SD, n=3. 
 
2.2.2 DryFlo® and sample consolidation  
 
An important GeoPyc® variable is the number of preparation cycles that the software 
disregards when calculating the sample statistics. Preparation cycles are used to ensure 
that the DryFlo® achieves a stable packing configuration before any test measurements 
are taken. The vendor recommends using two preparation cycles, and a maximum of 20 
preparation cycles is allowed by the software. A change of ≤0.01 g cm-3 is considered 
acceptable for this application. During the initial cycles consolidation is less consistent 
as the piston first travels the length of the test chamber resulting in variable count 
measurements. After a number of cycles repeatable consolidation occurs and 
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Approximately 6–7 g samples of DryFlo® media were analysed using zero preparation 
cycles and 20 test cycles using consolidation forces of 10, 20, 30, 40, 51, 60, 70, 80, 90 
and 100 N. DryFlo® density was calculated for each of the 20 cycles (Figure 2-7).  
 
 
Figure 2-7. Plot of DryFlo® density as a function of cycle count and consolidation 
force (n=6). 
 
For all consolidation forces cycle one generated density results that were markedly 
different (p <0.05 ANOVA) from those obtained in the subsequent cycle results. The 
individual moving range (IMR), where IMR = [X1 – X2], between cycle 1 and cycle 2 
varies from 0.0111–0.0133 g cm-3. Cycles 2 to 20 exhibit an acceptable (<0.01 g cm-3) 
individual moving range difference of -0.0002–0.0009 g cm-3. The study was similarly 
performed using samples of HA granules at the 51 N consolidation force, recommended 
by the vendor. HA granule density was calculated for each of 20 cycles (Figure 2-8). 
Cycle 1 results were again markedly different (p <0.05 ANOVA) to the values obtained 
in subsequent cycles with samples having an IMR of -0.1729–0.0048 g cm-3. Cycles 2 
to 20 exhibit an acceptable (<0.01 g cm
-3
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Figure 2-8. Plot of envelope density for HA granules prepared by reverse-phase 
granulation process as a function of cycle count using a 51 N compression force. Error 
bars represent 1 SD, n=4. 
 
A second variable to consider is the consolidation force used to determine the endpoint 
for each cycle. The vendor recommends a force of 51 N with the 25.4 mm diameter 
sample chamber with an operating range of 0–180 N. The maximum DryFlo® density 
achieved at cycle 20 was plotted as a function of consolidation forces (Figure 2-9) and 
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Figure 2-9. Plot of DryFlo® density as a function of consolidation force. Error bars 
represent 1 SD, n=6. 
 
The cycle 20 mean density (range 0.3055–0.3091 g cm-3) and standard deviation (range 
0.0009–0.0034 g cm-3) were found to be similar (p >0.05 ANOVA) at all consolidation 
forces supporting the vendor recommended default setting of 51 N.  
 
2.2.3 Comparison to mercury intrusion porosimetry 
 
The envelope density of granules prepared as described in Section 2.1.2.1 was measured 
using both the mercury porosimetry (Section 2.1.2.5) and powder pycnometry (Section 
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Figure 2-10. Calibration plot of powder pycnometry and mercury porosimetry envelope 
density measurements of hydroxyapatite granules. Dashed line represents perfect 
agreement in the values between the two methods. Error bars represent 1 SD, n=3. 
 
The GeoPyc® envelope density measurements are lower than the corresponding results 
obtained using mercury porosimetry, which is consistent with the limited results that 
have been previously reported comparing the two methods [12]. The difference is likely 
to be attributable to the differences in the pore size intruded by each method. DryFlo® 
media has a larger particle size (mean [SD] d10 82 µm [5.2 µm], d50 142 µm [11.8 µm], 
d90 227 µm [20.8 µm]) than the pore size (12 µm) intruded by mercury at 0.10 MPa 
intrusion pressure.  
 
Despite the differences in the intruded pore size, the GeoPyc® method yields results 
with a linear correlation (R
2
 0.9029) to those generated using the reference mercury 
porosimetry method. While the correlation is not perfect it is sufficient to indicate that 
the GeoPyc® method is suitable for measuring the envelope density of the HA granules 
as well as the un-granulated material. The observed correlation between the methods is 
likely due to the fact that both the DryFlo® displacement media and the HA granules 
are polydisperse in nature, which facilitates packing [25], meaning that introduction of 
y = 0.8597x + 0.4063 
R² = 0.9029 
y = x 






































the sample to the DryFlo® displacement media causes minimal change in packing 
efficiency. The linear regression fit in Figure 2-10 could be used to convert the 
GeoPyc® envelope density results to those obtained from mercury porosimetry.  
 
2.2.4 Effect of granule particle size 
 
Granules prepared by the reverse-phase granulation process using 250 cm
3
 of 10 % w/w 
PVP binder liquid were sieved and the following fractions collected: 0–75, 75–150, 
150–250, 250–425, 425–600, 600–850, 850–1000, 1000–1700, 1700–2000, 2000–3350, 
3350–4750, 4750–8000 µm. The envelope density of each sieve fraction was measured 
by powder pycnometry and mercury porosimetry methods (Figure 2-11).  
 
 
Figure 2-11. Plot of mean particle size fraction envelope density values for powder 
pycnometry and mercury porosimetry methods. Error bars represents 1 SD, n=3. 
 
The GeoPyc® powder pycnometry envelope density values increased steadily as the 
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fractions within the range 1850–6375 µm. The mercury porosimetry envelope density 
results plotted as a function of granule size demonstrated a similar profile. Nevertheless, 
there was a relatively large increase in the density from that obtained for the 37.5 µm to 
the 112.5 µm size fraction. This was followed by a region from 112.5 µm to 925 µm 
where the value for the envelope density was more variable, whereas the value 
remained almost constant above this particle size. A constant difference in the envelope 
densities obtained by the two methods, represented by the open triangles in Figure 2-11, 
was determined for granules within the 1850–6375 µm size range. Narrow size fractions 
below this range do not appear to yield comparable measurements making calibration 
for this range challenging, indicating that the GeoPyc® powder pycnometry method for 
narrow size fractions of smaller particles may be less appropriate for quantitative 
measurements and requires case by case determination. This is likely due to the particle 
size of the DryFlo® media which affects packing around the sample particles relative to 
mercury intrusion, which reliably penetrates pores ≥12 µm regardless of sample particle 
size. As the sample particle size is reduced the sample particles and the DryFlo® 
particles approach a similar size. As this occurs the packing efficiency is reduced 
creating a more open packing structure [26], resulting in inaccurate measurements of 
envelope density. As the sample particle size increases the packing efficiency is 
increased since the DryFlo® media can effectively pack around the sample. Above a 
critical sample particle size reproducible packing of the DryFlo® can occur and a 










GeoPyc® powder pycnometry proved to provide a repeatable method to measure HA 
granule envelope density for polydisperse samples, where efficient packing between the 
sample and DryFlo® can take place. DryFlo® media was shown to have a consistent 
particle size when sampled across three separate containers and multiple locations 
within each container. Relatively large graphite agglomerates were identified in the 
DryFlo® media which could be removed, or broken up, by screening the media before 
use. A minimum of 1 preparation cycle should be used before blank or sample 
measurements are recorded.  
 
DryFlo® density was found to be insensitive to consolidation forces in the range of 10–
100 N indicating that the vendor-recommended 51 N force was suitable for carrying out 
the envelope density determination. The GeoPyc® powder pycnometry method could 
be calibrated against the reference mercury porosimetry method when considering 
polydisperse HA granule samples. However, when analysing narrow particle size 
fractions, limitations in the GeoPyc® powder pycnometry method were noted which 
indicated that the correlation between the results obtained by mercury porosimetry was 
only valid between the particle size range of 1850–6375 µm. The results demonstrated 
the limitations of the GeoPyc® powder pycnometry method in measuring the envelope 
density of granules of narrow size fractions but indicated that these limitations were 
overcome when using polydisperse (i.e. un-sieved) granule samples. 
 
While porosity is an important attribute that can affect granule strength and 
compactibility [1, 2, 11] so is moisture content [27]. Only limited characterisation of 
HA compaction properties has been reported previously, whilst the role of moisture in 
HA compaction properties has received notably less attention. Consequently, it is 
recommended that the effect of moisture content on the compaction properties of 
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CHAPTER THREE: THE EFFECT OF MOISTURE CONTENT ON THE 




















The reverse-phase granulation process involves the mixing of powdered materials with 
an aqueous binder liquid to form moist granules, which are subsequently dried to a pre-
determined moisture content. The presence of moisture in pharmaceutical powders can 
have a marked effect on their compaction properties, and the mechanical strength of the 
resulting tablet [1-6]. The mechanical strength of a tablet is critical to the success of 
downstream processes such as film coating, imprinting and packaging, and also plays a 
role in tablet disintegration and drug dissolution. The effect of moisture on the 
compaction properties of pharmaceutical powders is therefore of interest. 
 
Hydroxyapatite (HA) was selected as the model raw material for the development of the 
reverse-phase granulation process. HA is a plastically deforming material [7-9] which 
has gained prominence in pharmaceutical and dietary supplement formulations due to 
low toxicity, desirable flow properties, good compaction characteristics, reasonably low 
cost and high orally available calcium content [1, 9, 10]. HA is anhydrous and does not 
form a hydrate upon exposure to water [1]. Aqueous solubilities between 0.017 and 
0.025 mg L
-1
 at 20 ˚C [9, 10] and melting points between 1550 ºC and 1614 ºC [11, 12] 
have been reported. It is worth noting that HA has a Ca/P molar ratio of 1.667 and 
chemical formula of Ca5(PO4)3(OH) or Ca10(PO4)6(OH)2, but has often been 
erroneously referred to as tricalcium phosphate [13], tricalcium orthophosphate or 
tribasic calcium phosphate [14] which all have a Ca/P ratio of 1.5 [15] and the chemical 
formula Ca3(PO4)2. A number of pharmaceutical grade HAs are commercially available 
for use in direct compression and wet granulation manufacturing processes. TRI-CAL 
WG
TM 
(Section 2.1.1), a granular form of HA, is specifically designed for use in 
aqueous wet granulation processes and is the focus of this study. 
 
The mechanical strength of a tablet is commonly described by its tensile strength and is 
considered to be primarily determined by two parameters: the bonding force between 
powder particles and the area over which these bonding forces act [16]. Three types of 
bonding forces are generally accepted to act between pharmaceutical powder particles: 
solid bridges, mechanical interlocking and distance forces [17]. Solid bridges describe 
the continuous solid phase formed between two, or more, particles and contribute 
markedly to the strength of materials with a simple structure, low melting point, some 
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degree of solubility in adsorbed moisture, or have a glass transition temperature similar 
to that experienced during compaction [18-20]. Mechanical interlocking is considered 
possible for some materials with a rough texture and/or irregular shape, which allow for 
hooking or twisting together of particles [21], however the pharmaceutical relevance of 
this mechanism has been challenged [22]. Interparticulate distance forces, i.e. van der 
Waals forces, hydrogen bonds, and electrostatic interactions, are generally considered to 
be the dominant bonding mechanism for most pharmaceutical powders [23]. 
Additionally, capillary forces between particles, caused by the condensation of 
moisture, have also been reported to contribute to the interparticulate bonding force of 
powder particles [24]. 
 
An increase in moisture content has been reported to increase the bonding area of 
plastically deforming materials during compaction due to plasticising and lubricant 
effects [25, 26]. Moisture facilitates particle rearrangement and deformation during 
compaction resulting in tablets with a lower porosity at constant compaction pressure 
and therefore increases the area over which interparticulate bonding can take place. This 
effect has frequently been reported for pharmaceutical powders as a reduction in the 
mean yield pressure derived from the Heckel equation [2, 4, 6, 27-34] and also by an 
increase in the compressibility coefficient derived from the Walker equation [35].  
 
Moisture on particle surfaces has been proposed to enhance interparticulate interactions. 
Moisture adsorption can mediate molecular attraction forces if the layers touch or 
penetrate each other [3, 36]. Surface moisture can also be seen as part of the particle 
surface thus reducing interparticulate distance, leading to an increase in interparticulate 
bonding and tensile strength [3, 37, 38]. Adsorbed moisture can also function as a 
surface-restructuring medium, increasing the contribution of solid bridges [30], 
particularly for salts and soluble materials.  
 
However, moisture has also been reported to have a negative effect by disrupting certain 
bonding forces. For example dissolution of solid bridges can take place at elevated 
relative humidity, which acts to reduce tensile strength [39]. Sodium chloride and 
saccharose tablets stored at 100 % RH for 15 days demonstrated complete loss of tensile 
strength due to this phenomenon [40]. Similarly, for anhydrous dextrose an increase in 
moisture content from 0.34 to 8.90 % w/w resulted in increased tensile strength due to 
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recrystallisation effects, however the tensile strength was significantly reduced at 
moisture contents of 9.20 and 9.66 % w/w as a result of condensation of moisture and 
dissolution of solid bridges [41]. Adsorbed moisture on the particle surface can also 
interfere with intermolecular forces, thus reducing the bond strength and resultant tablet 
tensile strength [16, 42, 43].  
 
Studies with HPMC polymers suggest the effect of moisture on tablet tensile strength is 
a balance between the relative quantities of each physical form of moisture [29]. Tensile 
strength increased to a maximum at 6 % w/w moisture content, but decreased with 
further increases in moisture content [30]. The first 6 % w/w moisture content is 
suggested to strongly bind by hydrogen bonds to the hydroxyl groups in the cellulose 
structure, rather than being present as monolayer or multilayer moisture on the surface 
of the particles. Moisture in the hydrogen bonded state acts as a plasticiser to facilitate 
plastic deformation and increases the area over which interparticulate bonds can act 
[44]. Above 6 % w/w moisture forms a monolayer at the surface of the particles acting 
to disrupt intermolecular bonds [45] and facilitate elastic recovery, through a lubrication 
effect, resulting in decreased tensile strength of tablets at a solid fraction of 0.9 [30]. 
The interplay between plasticity and the positive or negative effects of moisture on 
bond strength have also been the topic of study for a number of other researchers [25, 
30, 45-47].  
 
Investigation of the compaction of microcrystalline cellulose found that below a critical 
moisture content (~3.3 % w/w) tablet tensile strength was at a maximum [6]. This was 
attributed to the plasticising effect of moisture distributed within the relatively porous 
particles; moisture forms hydrogen bonds with the surfaces of microfibrils and is 
concentrated in amorphous regions, resulting in a decreased glass transition temperature 
[48]. Increases above the critical moisture content, postulated to be represented by the 
monolayer moisture coverage, resulted in decreased tensile strength, despite the 
decreased tablet porosity that was achieved [5].  
 
Similar findings were reported for pregelatinised starch [47] where an increase in the 
sample water activity from 0.22 to 0.70 resulted in an increase in tensile strength, but a 
further increase to 0.95 water activity caused a decrease in tensile strength. When 
constant tablet porosity was considered, by applying the Ryshkewitch-Duckworth 
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equation, it became evident that increasing moisture content resulted in a steady 
decrease in bonding capacity and tensile strength at zero porosity. In addition, the 
observed increase in tensile strength at constant compaction pressure was due to the 
decreased mean yield pressure and therefore increased bonding area.  
 
Increased moisture content reduced amylodextrin tablet porosity when compressed at a 
pressure of 250–300 MPa [25]. However, despite the increased bonding area, the tablets 
of higher moisture content had lower tensile strength, due to a reduction in bond 
strength caused by multiple water-layers on the particle surfaces. Similar results were 
obtained for crystalline materials also. Ibuprofen tablets exhibited a maximum tensile 
strength at ~2.5 % w/w moisture content, which decreased as the moisture was 
increased to 10 % w/w [4]. Non-hygroscopic paracetamol tablets yielded maximum 
tensile strength at 6 % w/w moisture, but decreased at 8 % w/w [33]. However, both 
these latter studies only evaluated the effect on tabletability and tablet porosity, 
therefore the interplay between bonding area and bond strength was not considered. 
 
The quantity and distribution of moisture will depend upon the chemical properties of 
the powder, various physical properties such as particle size and pore structure, and the 
RH at which the material is handled and stored [33]. The relative importance and 
contribution of bonding area and bond strength to tablet tensile strength varies as a 
function of moisture content and should be evaluated on a material-by-material basis 
[6]. 
  
Only limited characterisation of HA compaction properties has been reported 
previously. Published results are restricted to studying the effect of compaction force on 
tablet breaking strength and Heckel analysis [8, 9, 49-51], whilst the role of moisture in 
HA compaction properties has received notably less attention. An aqueous wet 
granulated formulation comprising 84 % HA, 10 % starch, 5 % naproxen and 1 % 
magnesium stearate has been investigated [52]. As moisture content increased over the 
range of 1.5–4.9 % w/w the mean tablet breaking strength decreased. Nevertheless, 
these findings can be considered preliminary since the focus of the study was on the 
effect of relative humidity conditions during storage upon changes in tablet breaking 
strength. Over the moisture content range studied there was no difference in tablet 
breaking strength upon storage at 23 C / 44 % RH. However, storage of tablets 
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compressed at lower initial moisture contents of 1.5–3.1 % at 23 C / 93 % RH showed 
a decrease in tablet breaking strength, despite tablets with a higher initial moisture 
content of 4.0 % and 4.9 % displaying negligible change in breaking strength under the 
same storage conditions. Clearly, although moisture is important in the compaction 
properties of HA and the resultant tablet tensile strength, there is much that remains to 
be investigated; specifically the effect of moisture on the simultaneous relationships 
between compaction pressure, tablet porosity and tensile strength.  
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Hydroxyapatite (HA) (TRI-CAL WG
TM
) was obtained as detailed in Section 2.1.1. 
 
3.1.2 Micromeritic characterisation 
 
Bulk and tapped densities of HA were measured as described in Section 2.1.2.4, SEM 
images were captured as described in Section 2.1.2.6 and particle size of HA was 
determined as described in Section 2.1.2.7. 
 
3.1.2.1 True density 
 
In the present study true density was determined by helium pycnometry (AccuPyc 1330, 
Micromeritics, Norcross, Georgia, USA). The volume of a large capacity sample 
chamber was determined by placing two spherical NIST traceable calibration standards 




chamber and performing the calibration 
cycle. The sample chamber was then loaded with a sample of approximately 4.8 g 
(weighed to 0.0001 g) of HA and placed into the instrument. An equilibration rate 
criteria of <0.0020 psig min
-1
 was applied between 20 consecutive measurements, with 
the mean of the values being reported as the true density. 
 
3.1.2.2 Specific surface area 
 
Specific surface area of HA (n=3) was measured using a nitrogen adsorption method 
(TriStar 3000, Micromeritics, Norcross, Georgia, USA). The mass of three 3/8 ” sample 
tubes with rubber stoppers was recorded to the nearest 0.0001 g, with and without the 
sample present. Samples were then outgassed using nitrogen gas at 40 ºC for 2 h and 
cooled for 15 min. Analysis was performed using a 7 point BET nitrogen isotherm at 
relative pressures of 0.050, 0.075, 0.100, 0.125, 0.150, 0.175 and 0.200. The following 
instrument settings were used: absolute pressure tolerance of 5 mm Hg, relative 
pressure tolerance of 5 %, evacuation rate of 10 mm Hg s
-1
, evaluation time 6 min, leak 
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test of 120 s, measurement intervals of 120 min, analysis bath temperature of 77.3 K 
and equilibration interval of 10 s. 
 
3.1.3 Moisture sorption behaviour 
 
Moisture sorption isotherms (n=3) were generated using a gravimetric analyser (SGA-
100 gravimetric analyser, VTI Scientific Instruments, Hialeah, Florida, USA). HA 
samples (~50 mg) were held in open aluminium crucibles at 25 °C. Moisture sorption 
and desorption isotherms were generated over the relative humidity range of 5–95 % 
with a 10 % RH step. Equilibration criteria were 0.01 % in 10 min with a maximum 
equilibration time of 120 min. At each RH condition the sample weight was recorded 
allowing a linear regression plot of a/[(1–a)M] versus a to be constructed, where M is 
the moisture content (in g/100 g dry solid) and a is the activity of water (which is 
approximated as RH/100) [53, 54]. The monolayer water coverage, Mo, can be 
calculated by linear regression as follows: 
 
    
 
     
         Equation 3-1 
 
where S is the slope and I is the y-intercept. 
 
3.1.4 Manipulation of moisture content 
 
HA moisture content was altered by thermal treatment.  A sample was also stored under 
ambient conditions (20 ºC / 30 % RH) for 72 h to be used as a reference.  Samples of 
~500 g were heated at 60, 100 or 325 ºC in a drying oven (Lindberg/Blue, SPX Thermal 
Solutions, Rochester, New York, USA) for at least 72 h prior to compaction. A 250 g 
sub-sample of the material heated to 100 ºC was re-equilibrated to ambient conditions 
for at least 72 h. Moisture content was determined using thermogravimetric analysis 
(TGA) (Q1000, TA Instruments, New Castle, DE, USA). Samples (~12 mg) were 
placed in standard aluminium pans and heated to 450 ºC at a rate of 10 °C min
-1
 to 
determine the loss on drying for each of the samples.  
3.1.5 Tablet preparation and characterisation 
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Flat-faced tablets (n=10) of approximately 220 mg and a diameter of 8 mm were 
prepared on an instrumented single-punch tablet press (Korsch EK-0, Korsch AG, 
Berlin, Germany) at a speed of 60 tablets per min. HA tablets were produced using 
compression forces across the range 2–25 kN (~100–500 MPa). Tablet weight, 
thickness and breaking strength were determined at each compression force. Tablet 
weight was measured using an electronic balance (PM200, Mettler Toledo, OH, USA). 
Tablet breaking force and thickness were determined using a tablet hardness and 
thickness tester (PH-4HT hardness and thickness tester, CI Electronics, Salisbury, UK).  
 
3.1.6 Determination of tablet tensile strength 
 
To eliminate the undesirable effect of variations in tablet thickness on measured 
breaking force, tensile strength (n=10) was calculated using the equation [55]: 
 
  
   
   
         Equation 3-2 
 
where σ is the tensile strength (MPa), B is the tablet breaking strength (kp), A is 
gravitational acceleration (9.81 m s
-2
), D is the diameter (m) and t is the thickness (m) 
of the compact. 
 
3.1.7 Determination of tablet porosity 
 
Tablet porosity (n=10) was calculated by the following equation: 
 
     
    
  
         Equation 3-3 
 
where ρc is the density of the tablet, which was calculated from the weight and 
geometric volume of the tablet, and ρt is the true density of the sample. 
 
3.1.8 Walker analysis 
 
The Walker equation [35] was used derive the compressibility coefficient using data 
generated over the 37–133 MPa compaction pressure range: 
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          Equation 3-4 
 
where P is the compaction pressure, V` is the tablet volume, Vo is the volume at zero 
porosity, L is the pressing modulus and C is a constant. Calculation of V` was 
performed using the out-of-die method [56]. Expressed in terms of the relative volume, 
VR = V`/Vo = 1/Density, as the dependent variable then Equation 3-5 results, where for 
practical reasons the relative volume is multiplied by 100: 
 
                       Equation 3-5 
 
The compressibility coefficient, w, expresses the percentage change in volume when the 
pressure is increased by a factor of 10 and is considered a measure of the irreversible 
compressibility of the compact [56].  
 
3.1.9 Heckel analysis 
 
The Heckel equation [57, 58] was used to determine the mean yield pressure using data 
generated over the 133–523 MPa compaction pressure range. The out-of-die method 
was used in order to eliminate the effects of elastic recovery on the calculated mean 
yield pressure [6, 59, 60]. 
 
   
 
 
                 Equation 3-6 
 
where P is the compaction pressure (MPa), E is a constant (no units) and K is the slope 
of the linear part of the curve and represents the material-dependent constant. The 
reciprocal of K is the mean yield pressure, Py (MPa), which is considered to be the 
pressure at which yielding starts to occur during compaction [57, 58].  
 
3.1.10 Determination of elastic behaviour 
 
Flat-faced compacts (n=3) of approximately 300 mg and a diameter of 10 mm were 
prepared using an Instron Universal Testing System with a 50 kN load cell (Model 
5569, Instron Corporation, Norwood, Massachusetts). Tablets were compressed and 
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decompressed at 50 mm min
-1
 up to a specified compression load ranging from 2.5–20 
kN (~30–250 MPa). The punches and die were lubricated with a 5 % w/v magnesium 
stearate suspension in methanol and these were allowed to dry before each set of tablets 
were prepared. Tablet dimensions were determined 24 h after ejection using a dial 
caliper (Mitutoyo Corporation, Mizonokuchi, Japan). All compacts were stored at 20–
22 ºC and 22–33 % RH. Total elastic recovery (TER) was calculated using the 
following equation [61]: 
 
      
   –   
  
            Equation 3-7 
 
where t1 is the minimum thickness (mm) of the powder bed achieved during the 
compression event and t2 is the tablet thickness (mm) 24 h after ejection. 
 
The Young’s modulus of elasticity (n=3) was calculated from the gradient of the stress-
strain relationship during tablet compaction using the following equation [62]: 
 
     
      








   
 
       Equation 3-8 
 
where YM is the Young’s modulus (GPa), F is the force (kN) applied during tableting, 
A is the cross-sectional area (mm
2
) of the punch tip, H0 is the height (mm) of the 
compact at zero force, and ΔH is the change in height (mm) due to applied force. 
Young's modulus was calculated at a constant tablet porosity of 0.1 [63, 64]. 
 
3.1.11 Statistical analysis 
 
Statistical analysis to determine whether significant differences existed between sample 
means was performed as described in Section 2.1.2.8. 
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3.2 Results and Discussion 
 
3.2.1 Micromeritic characterisation 
 
SEM micrographs of HA (Figure 3-1) show that the particles appear irregular in shape 
and have a wide size range. Multiple smaller particles are adhered to larger irregularly 





Figure 3-1. Scanning electron micrograph of hydroxyapatite. A – 110 x magnification, 
B – 1600 x magnification, C – 3000 x magnification, D – 25000 x magnification. 
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Other micromeritic properties are given in Table 3-1. The true, bulk and tapped density 
results show HA to be markedly more dense than most other commonly used 
pharmaceutical materials. Example true densities of other pharmaceutical materials are 
stearic acid 0.99 g cm
-3
, sorbitol 1.48 g cm
-3
, spray dried lactose 1.55 g cm
-3
 and 
microcrystalline cellulose PH101 1.56 g cm
-3
 [65]. The particle size distribution for HA 
is relatively wide but reproducible for the samples tested. Specific surface area results 
show the sample to have high surface area owing to the small irregular particles adhered 
to the surfaces of the larger particles.  
 
Table 3-1. Micromeritic properties of hydroxyapatite. Mean ± SD. 
Property Result 




2.906 ± 0.0008 
Particle size 
(n=3) [µm]  
d10 35 ± 3.6 
d50 275 ± 12.5 
d90 530 ± 23.6 




59.2 ± 0.46 




0.78 ± 0.005 




1.13 ± 0.004 
 
 
3.2.2 Moisture characterisation 
 
Monolayer water coverage was calculated by two methods. Firstly, using the measured 
specific surface area of the HA sample [66], and secondly using moisture sorption 
isotherm data (Figure 3-2) fitted to the modified BET equation [53, 54]. The first 
approach gave a monolayer water coverage of 1.54 % w/w using a specific surface area 
of 59.2 m
2
/g (Table 3-1), the mass of one water molecule (2.99 x 10
-23 
g) and the cross-
sectional area of a water molecule, which must take into account the packing density 
between the water molecules and the hydroxyapatite surface. The cross sectional area 
for the adsorption of a water molecule into the surface of HA has previously been 
reported as 0.115 nm
2
 [67]. The second method using the modified BET equation gave 
a monolayer water coverage of 1.06 % w/w (Figure 3-3). 




Figure 3-2. Moisture sorption isotherm for hydroxyapatite. Left y-axis presents total 
moisture content as determined by TGA at 450 °C and right y-axis represents weight 
change determined during moisture sorption analysis. 
 
 
Figure 3-3. Modified BET plot of moisture sorption data for hydroxyapatite. Error bars 































































% Relative humidity 
Adsorption 
Desorption 
Point represents ambient  
storage conditions used  
in the present study. 
y = 0.6391x + 0.3006 















Chapter 3  
 
74 
The monolayer coverage calculated by the modified BET method is lower than that 
calculated by the specific surface area approach. This is converse to findings reported 
for microcrystalline cellulose [6] where moisture penetrates the relatively porous 
particles, covering the surfaces of microfibrils and concentrates in amorphous regions, 
therefore the surface area approach gives a falsely low measure of monolayer coverage. 
In contrast HA has a less porous, crystalline structure with tightly bound moisture, 
which is only removed at elevated temperatures [67]. Therefore, at the 25 ˚C / 2 % RH 
conditions used for determination of the ‘dry’ state prior to generating the moisture 
sorption isotherms, it is hypothesised that some active sites are occupied with water 
molecules and are not available for further moisture sorption. Accordingly the modified 
BET approach is likely to underestimate the true monolayer coverage and the specific 
surface area approach might be anticipated to provide a more accurate determination. 
 
The moisture content of HA was determined by TGA over the temperature range 25–
450 C. The total mass loss from HA stored at 20 C / 30 % RH conditions was 5.26 % 
 0.04 % (Table 3-2).  
 
Table 3-2. Moisture data for hydroxyapatite samples treated under different 








20 C / 30 % RH 5.26 ± 0.04 2.53 
100 C re-equilibrated 
at  20 C / 30 % RH  
4.97 ± 0.03 2.39 
60 C 4.56 ± 0.07 2.19 
100 C 4.02 ± 0.01 1.93 
325 C 2.12 ± 0.01 1.38 
a 
The number of water layers was calculated by dividing the moisture content for the 
sample by the monolayer water coverage of 1.54 % w/w obtained from the specific 
surface area method. The calculation assumes layers of water molecules pack with a 
face centred cubic structure [68] with a packing efficiency of 0.74 [69]. 
 
 
The TGA thermogram (Figure 3-4) shows three distinct stages of weight loss which can 
be explained by the loss of loosely bound, physisorbed and chemisorbed moisture [67] 
respectively. Approximately 0.70 % of loosely bound mono- and multi-layer water is 
lost in the temperature range 20–60 C, approximately 0.54 % of physisorbed moisture 
Chapter 3  
 
75 
is lost between 60–100 C, and approximately 1.90 % of chemisorbed moisture is lost 
between 100–325 C. A moisture content of approximately 2.12 % remains in the 
samples when thermally treated at 325 C.  
 
 
Figure 3-4. Example TGA thermogram for hydroxyapatite. 
 
 
At ambient conditions the surface of HA particles is totally covered with water [70]. 
Rootare [67] reported that adsorbed mono- and multi-layer moisture were easily 
removed by lowering the relative vapor pressure of the water at the surface, i.e. 
decreasing RH. However, a layer of chemisorbed water remains on the HA surface 
which could only be removed when the sample was heated to ~300 C and temperatures 
greater than 1000 C were required to completely remove all chemisorbed water from 
the surface of HA, which includes water associated with the surface hydroxyl groups. 
For the present study a maximum drying temperature of 325 C was used. Rootare [71] 
demonstrated that HA pore volume, porosity, bulk density, true density, surface area 
and pore diameter were unaffected at temperatures below 400 C. However, above 400 
C surface area was reported to be reduced slightly and pore diameter increased, and 
above 600 C significant changes in all properties were observed. Pontier [15] reported 
that HA heated at 720 C for 1 h began to sinter and also displayed reduced compaction 
properties due to a marked decrease in specific surface area and an increase in 
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pycnometric density. As a result, the evaluation of HA with moisture content 
significantly below that achieved in this study (2.12 % w/w or 1.38 monolayers) is not 
possible by either relative humidity change or thermal treatment. 
 
3.2.3 Powder compaction properties 
 
Compaction of powders can be systematically evaluated based on tabletability (tensile 
strength as a function of compaction pressure), compressibility (porosity as a function 
compaction pressure) and compactibility (tensile strength as a function of porosity) [6]. 
This terminology was first defined by Joiris et al [72] for the compaction of 
orthorhombic paracetamol and has been used consistently in the literature since 1998 
for describing the simultaneous relationship between compaction pressure, tensile 




Tabletability (the capacity of a powder material to be transformed into a tablet of 
specified strength under the effect of compaction pressure) is often found to be strain 
rate dependent for materials that undergo plastic deformation [7, 77-80] and hence it is 
considered an indirect relationship. However, it still provides a useful insight into the 
compaction process and the mechanical properties of a material [75] and is of practical 
importance in formulation and process development [76]. The tabletability of HA was 
found to be affected by increasing moisture content (Figure 3-5). 
 
Under identical compaction conditions, the highest tensile strength for tablets at 2.12 % 
moisture content was more than two-fold of the highest tensile strength for tablets at 
5.26 % moisture content. When compaction pressure was below approximately 200 
MPa the effect of moisture on tabletability was minimal. At this lower compaction 
pressure volume reduction occurs predominantly by particle rearrangement, rather than 
plastic deformation, which is largely independent of moisture content. At compaction 
pressures between 200–400 MPa an increase in moisture content causes a decrease in 
tensile strength.  
 




Figure 3-5. Tensile strength as a function of compaction pressure for hydroxyapatite 
tablets of different moisture content, n=10. R
2




Compressibility is the ability of a material to undergo a reduction in volume as a result 
of an applied pressure [72] and since the compressibility of powders depends on 
moisture content, the same pressure may not result in the same tablet porosity. Porosity 
relates to the pore structure of a tablet and is an important factor in liquid penetration, 
and by consequence tablet disintegration and dissolution. For a given powder sample, a 
decreased tablet porosity results in an increased interparticulate bonding area and 
increased tensile strength. Compressibility plots of HA containing different amounts of 
moisture are presented in Figure 3-6. At a common compaction pressure the tablet 
porosity is reduced as moisture content is increased indicating that HA with greater 























Compaction pressure (MPa) 




Figure 3-6. Tablet solid fraction as a function of compaction pressure for 
hydroxyapatite tablets of different moisture content, n=10. R
2
 >0.95 in all cases. ♦ 2.12 
% moisture, ■ 4.02 % moisture, ○ 4.56 % moisture, □ 4.97 % moisture, ● 5.26 % 
moisture. 
 
The Walker equation [35] and Heckel equation [57, 58] have both been used to derive 
material compressibility constants. The Walker equation considers the course of volume 
reduction as a result of applied compaction pressure and is based on the assumption that 
the rate of change in volume is proportional to the applied pressure [56]. The 
compressibility coefficient, w, expresses the percentage change in volume which occurs 
when the pressure is increased by a factor of 10 and is considered a measure of the 
irreversible compressibility of the compact, with the greater the value of w the higher 
the compressibility of the material. The Heckel equation was derived assuming that 
particles undergo plastic deformation under pressure, whereby the volume reduction of 
the powder is assumed to obey first-order kinetics in which the pores constitute the 
disappearing “reactant” [57, 58]. During compaction, at low pressures, densification 
occurs through particle re-arrangement and slippage, resulting in a curved region in the 
plot. The linear portion of the plot that follows reflects densification through plastic 
deformation. The extent of density change is suggested to be proportional to the amount 

























Compaction pressure (MPa) 
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A thorough evaluation of the impact of HA moisture content on compressibility has not 
previously been reported. Previous studies [9, 49-51] have applied the Heckel equation 
to HA in order to characterise the compaction behaviour, however in each case the 
storage conditions for the HA prior to compaction were not reported and the mean yield 
pressure was not calculated from the Heckel plot over the entire compaction pressure 
range. Instead, the studies investigated the observed non-linearity of the Heckel plot. 
Carstensen and Hou [49] reported that the Heckel plot for HA is atypically non-linear 
when using the crystallographic density for HA of 3.10 g cm
-3 
as determined by helium 
pycnometry. It was hypothesised that part of the HA internal pore structure is occluded 
and therefore does not participate during the compaction process. Liquid pycnometry 




when this value was used the Heckel plot became linear [49]. When the same HA 
sample was placed in an ultrasonic bath the sample disintegrated, the supernatant 
became turbid and air was liberated. The measured density for this sonicated sample 
was 3.10 g cm
-3
 supporting the presence of occluded pores. Their presence was further 
investigated [50] by performing mercury porosimetry on HA tablets (500 mg weight, 
flat faced, 10 mm diameter) compressed over the force range 4.5–35.6 kN (57.3–453.27 
MPa).  The pore volume in the diameter range 0.5–2 m was linearly reduced with 
increasing compaction pressure, however pores below 0.5 m were not compressible 
over the conventional pressure range used in tablet compaction and should therefore not 
be considered part of the Heckel pore space. Consequently a true density, ρt, of 1.92 g 
cm
-3
 was used when calculating tablet porosity data [49-51] in the present study.  
 
The compressibility coefficient and mean yield pressure were calculated as the gradient 
of the Walker plot (Figure 3-7) and the reciprocal of the gradient of the Heckel plot 
(Figure 3-8) respectively. The results are presented in Table 3-3. 
 





Figure 3-7. Walker plot (where VR is the relative volume of the tablet compared to the 
tablet volume at zero porosity) for hydroxyapatite tablets of different moisture content. 
Walker equation applied to data in the compaction pressure range 37–133 MPa, n=10. 
R
2
 >0.99 in all cases. ♦ 2.12 % moisture, ■ 4.02 % moisture, ○ 4.56 % moisture, □ 4.97 
% moisture, ● 5.26 % moisture. 
 
Figure 3-8. Heckel plot for hydroxyapatite tablets of different moisture content. Heckel 
equation applied to data in the compaction pressure range 133–523 MPa, n=10. R2 
>0.95 in all cases. ♦ 2.12 % moisture, ■ 4.02 % moisture, ○ 4.56 % moisture, □ 4.97 % 
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Table 3-3. Compressibility equation fit parameters for hydroxyapatite tablets of 
different moisture contents.  
 Compressibility coefficient
a















     
2.12  15.7 0.9926 625 0.9902 
4.02  15.9 0.9957 303 0.9629 
4.56  16.9 0.9922 333 0.9805 
4.97  18.3 0.9932 263 0.9629 
5.26  19.5 0.9967 196 0.9523 
a 
Determined over the compaction pressure range 37–133 MPa. 
b 
Determined over the compaction pressure range 133–523 MPa. 
 
 
The mean yield pressure decreased and the compressibility coefficient increased as 
moisture content increased from 2.12 to 5.26 % supporting the observation that volume 
reduction of HA is facilitated by moisture. This effect has been widely reported in both 
polymeric materials, where the primary mechanism for increased plasticity is a decrease 
in glass transition temperature, [5, 6, 25, 26, 28-30, 81-84] and crystalline materials, 
where the presence of water is thought to weaken the strength of bonds between 
adjacent crystalline planes allowing material to slide under pressure [4, 31, 33, 34, 85].  
 
While the Heckel equation provides a means for comparison of material compressibility 
its usefulness in generating a material constant has been criticised. It has been reported 
that the values obtained for mean yield pressures using the Heckel equation are 
dependent upon the dimensions of the punches and dies [86], the compaction pressure 
[62, 87], the strain rate [77, 88], the material true density value used [89] and the 
material particle size [7, 59]. Provided experimental conditions are maintained constant, 
as was the case in the present study, the derived value is useful for evaluating the 
directional effect of variables, however an absolute comparison of such values to other 
materials compressed under different conditions is not advised [87].  
 
The Walker equation was introduced to the pharmaceutical research field in 1956 [90] 
for the investigation of magnesium carbonate compression. The compressibility 
coefficient, w, derived from the Walker equation has been shown to provide a more 
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reproducible and discriminatory compressibility constant [56, 87, 91] than the Heckel 
equation and therefore comparison of the compressibility coefficient between systems is 
possible. The compressibility coefficient results obtained for HA in the present study 
ranged from 15.7–19.5 as the moisture content increased over the range 2.12–5.26 %. 
When compared to values reported for a range of commonly used pharmaceutical 
materials (Table 3-4) the compressibility of HA is seen to be low, however can be 
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Table 3-4. Summary of compressibility coefficient values for a range of pharmaceutical 
materials. 
a

















































(Avicel® PH 200) 
77 32–127 0.957 [92] 






















Corn starch 44.7 
a































Anhydrous lactose 31 32–255 0.998 [92] 
Spray dried mannitol 30 32–255 0.995 [92] 
Paracetamol 700-1000 μm 
Paracetamol (as-received)  
Paracetamol (as-received) 
Paracetamol 500-650 μm 
Paracetamol 300-450 μm 



























Isomalt (GalenIQ®) 29.1 
a
 0.997 [93] 
α-indomethacin 26.3 0–104 0.990 [94] 





  0.999 [93] 
γ-indomethacin 19.1 0–104 0.990 [94] 
 





Compactibility refers to the ability of a material to produce tablets with sufficient 
strength under the effect of densification [72]. When considering tablet tensile strength 
it is important to compare tablets at the same porosity in order to represent the same 
number of interparticulate contacts, and therefore comparable bonding contributions 
[74, 95]. This relationship has been shown to be independent of compression speed 
[75].  
 
Compactibility was quantified using the Ryshkewitch-Duckworth equation [96, 97]:  
 
           
     
         Equation 3-9 
 
where ε is the porosity of the compacts (no units), σT0 is the tensile strength of the 
sample at zero porosity (MPa), and k is a constant representing the bonding capacity (no 
units). A higher value of k corresponds to stronger bonding of primary particles [98, 
99]. It has been demonstrated that the Ryshkewitch-Duckworth equation can usefully be 
employed to represent the variation of tensile strength with the porosity for a wide range 
of porous materials [75, 98, 100-102].  
 
A common batch of HA was used in this study therefore the physical properties of each 
powder sample can be considered identical. The cross-sectional area of tablets of 
identical porosity is therefore expected to be similar for HA containing different 
amounts of moisture. The tablet tensile strength at a common porosity can therefore be 
used to evaluate the effect of moisture on bond strength. Compactibility plots of HA 
containing different amounts of moisture are presented in Figure 3-9.  
 
At comparable tablet porosities the tablet tensile strength was reduced as moisture 
content increased. The tensile strength and porosity data for HA tablets with different 
moisture content were fitted according to Equation 3-9. By means of regression 
analysis, values of σT0 and k were obtained with correlation coefficients being greater 
than 0.95 in all cases (Table 3-5).  
 




Figure 3-9. Tensile strength as a function of solid fraction for hydroxyapatite tablets of 
different moisture content;, n=10. R
2
 >0.95 in all cases. ♦ 2.12 % moisture, ■ 4.02 % 
moisture, ○ 4.56 % moisture, □ 4.97 % moisture, ● 5.26 % moisture. 
 
Table 3-5. Ryshkewitch-Duckworth equation fit parameters for hydroxyapatite tablets of 










    
2.12  67.09 15.72 0.9616 
4.02  8.60 11.36 0.9566 
4.56  13.82 13.45 0.9785 
4.97  6.89 12.34 0.9515 
5.26  4.41 9.60 0.9642 
 
 
An increase in moisture generally results in a decrease in σT0 and k suggesting that 
moisture acts to reduce the strength of interparticulate bonds between HA particles. 
Although the mean yield pressure is also reduced and the compressibility coefficient is 
increased, the effect appears to be outweighed by the reduction in interparticulate bond 
strength. The bonding capacity obtained for HA in the present study decreased from 
15.72–9.60 as the moisture content increased over the range 2.12–5.26 %. When 























Solid fraction (no units) 
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compactibility of HA is seen to be high. An increase in moisture content reduces the 
bonding capacity, however the relative bonding capacity remains high compared to the 
other materials shown. 
 
Table 3-6. Summary of Ryshkewitch-Duckworth equation fit values for a range of 
pharmaceutical materials. 
a









Lactose monohydrate (Granulac® 140) 20.15 12.89 
a
 [103] 
Poly(DL-lactic acid) compressed at 300 mm s
-1 
Poly(DL-lactic acid) compressed at 30 mm s
-1 
Poly(DL-lactic acid) compressed at 3 mm s
-1 
















Silicified microcrystalline cellulose (Prosolv®) 7.72 37.14 
a
 [103] 
Silicified microcrystalline cellulose 90 (Prosolv® 90) 7.14 24.19 
a
 [103] 
Amylodextrin stored at 7 % RH 
Amylodextrin stored at 11.4 % RH 
Amylodextrin stored at 15.0 % RH 














Aspartame 6.31 5.2 0.953 [104] 
Microcrystalline cellulose (Vivapur® 102) 5.95 21.11 
a
 [103] 
γ-sorbitol <25 µm 
γ-sorbitol 53 - 75 µm 
γ-sorbitol 75 - 106 µm 
γ-sorbitol 106 - 149 µm 
γ-sorbitol 212 - 300 µm 























3.2.3.4 Elastic behaviour 
 
An increase in moisture content caused an increase in the extent of elastic recovery (p 
<0.10 Wilcoxon) and a decrease in Young’s modulus of elasticity (p <0.10 Wilcoxon) 
(Table 3-7). In parallel tablet tensile strength was decreased (Figure 3-6) with 
increasing moisture content; the effect being larger at increased compaction pressure. 
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Table 3-7. Elastic recovery and Young’s modulus of elasticity of hydroxyapatite tablets 











   
2.12  29.79 ± 1.09 0.89 ± 0.10 
4.02  31.24 ± 0.82 0.89 ± 0.10 
4.56  37.65 ± 0.49 0.73 ± 0.04 
5.26  37.53 ± 0.40 0.63 ± 0.02 
a
 At compaction pressure of 254.65 MPa.
 b
 At tablet solid fraction of 0.9.  
 
During the compaction process a plateau region will exist where increased compaction 
pressure results in no further decrease in tablet porosity, and the energy supplied by 
compaction pressure above the plateau level will be stored as elastic energy. During 
unloading elastic recovery of the particles takes place resulting in breakage of bonds 
that were formed during compression [17]. It is also commonly stated that as 
compaction pressure and/or moisture content increase greater quantities of moisture can 
be forced out of the internal structure of the particles onto the surface. Here the moisture 
would act as a lubricant facilitating the movement of crystal planes within particles, and 
slipping of particles past each other and the die wall, contributing to increased elastic 
recovery and bond breakage. 
 
The Young’s modulus of elasticity is the ratio of the stress to the relative elongation 
(strain) and is a fundamental property of the material. It is hypothesised that at low 
moisture content a greater extent of hydrogen bonding can occur which increases 
particle attraction and bonding. At higher moisture content hydrogen bonding is 
compromised resulting in the lower Young’s Modulus [47].  
 
3.2.3.5 Relationship between bonding area and bond strength 
 
As HA moisture content increased so the mean yield pressure decreased and 
compressibility coefficient increased. The increase in compressibility is seen in Figure 
3-6 as lower tablet porosity at constant compaction pressure, and represents an increase 
in bonding area. If all other factors were constant this increased bonding area would 
represent a greater number of bonds per cross-sectional area and would be manifested 
as an increase in tensile strength. However, an increase in moisture affects also both the 
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strength of interparticulate bonds and the extent of the elastic behaviour of the compact. 
In the case of HA this effect on interparticulate bonds is negative, with the effect being 
more pronounced as moisture content increases. Likewise the contribution of elastic 
recovery is least at reduced moisture content due to minimal surface moisture being 
available for particle lubrication, however as moisture content increased the negative 
effect of elastic recovery contributed to the decrease in tablet tensile strength. As HA 
moisture content increases from 2.12 % to 5.26 % the tensile strength is steadily 
reduced when compared at both constant compaction pressure and constant tablet 
porosity. This suggests that the increase in bonding area as a result of increased 
moisture does not contribute significantly to tensile strength and that bond strength is 
dominant across the moisture content studied. 
 
It is recognised that multiple material specific attributes such as deformation 
mechanism, solubility, surface chemistry, pore structure and surface area contribute to 
the relationship between moisture content and tablet tensile strength. In general the 
effect of moisture on tablet tensile strength is driven by two mechanisms; an increase in 
bonding area due to a decrease in mean yield pressure and increase in the 
compressibility coefficient, and a positive or negative effect on interparticulate bond 
strength. The relative balance of these effects yields a net increase or decrease in tablet 
tensile strength that is material dependent.  
  





HA tablet tensile strength was shown to be predominantly determined by the strength of 
the interparticulate interactions, and that an increase in moisture content results in 
decreased tablet tensile strength. Moisture acted as a plasticiser during the compaction 
process, facilitating tablet porosity reduction at constant compaction pressure. However, 
an increase in moisture content reduced the tablet tensile strength at constant tablet 
porosity despite the increased bonding area. This was likely caused by the deleterious 
effect of adsorbed moisture on intermolecular bond strength and the increase in elastic 
behaviour due to the lubricating effects of moisture. The moisture sensitivity of a given 
material must therefore simultaneously consider the effect of adsorbed moisture on 
plasticity (compressibility) and interparticulate interactions (compactibility). The 
interplay between these factors will determine the effect of moisture on tablet tensile 
strength. The data presented clearly highlights the importance of controlling moisture 
content in hydroxyapatite when performing mechanical strength analyses. This 
knowledge is used in the present thesis when assessing the strength of both granule and 
tablet samples by ensuring that all samples are stored at the same temperature and 
humidity conditions before analysis.  
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CHAPTER FOUR: THE EFFECT OF LIQUID SATURATION AND BINDER 























The aim of this study is to report on the development of a novel reverse-phase wet 
granulation process. Such a reverse-phase process involves the controlled addition of 
the powder formulation into the agitated binder liquid to create completely wetted 
powder particles which favour granule formation. Addition of further powder is 
proposed to reduce the liquid saturation of the granules, with the desired particle size 
being obtained through controlled breakage. This is in stark contrast to the conventional 
granulation approach where binder liquid is added to the dry powder. Addition of 
further binder liquid increases the liquid saturation of the granules and growth occurs 
through controlled coalescence. A number of advantages motivate the development of 
the reverse-phase process (Section 1.7). It is hypothesised that the reverse-phase 
granulation process can be controlled by a few simple variables; binder liquid quantity, 
binder liquid viscosity and impeller speed, to reach the desired granule properties 
without the risk of uncontrolled growth and batch rejection. Binder liquid quantity and 
binder liquid viscosity are the focus of this study.  
 
Granule growth is favoured when granules deform upon collision through 
rearrangement of individual particles. The effect of binder liquid content is complex 
since it impacts interparticulate friction, as well as viscous and capillary forces, and it 
affects each of these differently. Increasing binder liquid content may reduce the 
contribution of interparticulate friction due to a lubrication effect [1]. In addition, 
granule deformation promotes movement of binder liquid from within the granule to the 
surface through intragranular capillaries [2]. An increased binder liquid content 
increases the contribution of viscous forces since there is more binder liquid present 
within and on the surfaces of granules. Capillary forces also increase up to an Smax of 1 
[3, 4]. When interparticulate friction dominates, increasing binder liquid content 
generally increases the extent of consolidation. However, when viscous forces dominate 
increasing the amount of binder liquid may decrease the extent of consolidation. 
Discrete element modeling (DEM) simulations [5] have shown that at low collision 
velocity the majority of the collision energy is dissipated by viscous effects, since little 
interparticulate movement occurs. At higher collision velocities both viscous and 
frictional effects contribute significantly to energy dissipation. The relationship is 
further complicated when considering the effect of binder liquid viscosity. In 
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consolidation experiments it was found that increasing binder viscosity decreased the 
rate of consolidation and that the effects of liquid content and viscosity were 
intertwined. Increasing the amount of a binder with a low viscosity of 0.0011 Pa.s was 
found to increase the rate of consolidation due to increased lubrication, whereas 
increasing the amount of a binder with a high viscosity of 1.1 Pa.s decreased the rate of 
consolidation due to increased viscous forces [6, 7]. Iveson and Litster [7] warn that 
unless the relative magnitudes of the frictional, viscous and capillary forces are known 
it is impossible to predict the effect of changing binder content and viscosity, even 
qualitatively.  
 
Ohno et al [8] considered the effect of increased binder amount on both the granule size 
and pore structure, and the subsequent relationship of these properties with drug 
dissolution rate of mefenamic acid in a formulation containing, lactose monohydrate, 
low-substituted hydroxypropyl cellulose, hydroxypropyl cellulose and microcrystalline 
cellulose. These workers used water as the binder and found that an increase in content 
from 30 to 50 % w/w resulted in a significant increase in the d50 particle size and a 
decrease in the d50 pore diameter determined. The overall effect was a corresponding 
decrease in the amount of mefenamic acid dissolved after 15 min. These data illustrate 
the importance of granulation binder amount on the size of the resultant granules as well 
as on the consolidation behaviour. 
 
Accordingly, the aim of this study was to compare the effects of liquid saturation and 
binder liquid viscosity on the size and porosity of the granules prepared using the 
reverse-phase and conventional methods of granulation.  
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Hydroxyapatite (HA) (TRI-CAL WG
TM
), poly (vinyl pyrrolidone) (PVP) (Plasdone 
K29/32) and DryFlo® displacement media were obtained as detailed in Section 2.1.1. 
 
4.1.2 Granulation process 
 
Aqueous granulation binder liquid was prepared as described in Section 2.1.2.1. Binder 
liquid viscosity was varied by manipulating the concentration of PVP in water. 
Granules were prepared by the reverse-phase process (Section 2.1.2.1). Granules were 
also prepared by the conventional process where 600 g of dry HA powder was added to 
the granulator bowl and mixed for 30 s using an impeller speed of 400 rpm (3.14 m s
-1
) 
and chopper speed of 1000 rpm (0.89 m s
-1
). Following mixing the 10 or 20 % w/w PVP 
binder liquid was sprayed onto the moving powder bed through a 65° VeeJet nozzle 
(SS-650033, Spraying Systems, Wheaton, Illinois, USA) at 3 bar pressure. Wet massing 
was performed for 10 s following complete addition of the binder liquid. Separate 
experiments were performed employing 50, 100, 150, 200 and 250 cm
3
 of 10 or 20 % 
w/w binder liquids. The resultant granules were dried as described in Section 2.1.2.1. A 
summary of the experimental conditions is presented in Table 4-1. 
 
Table 4-1. Summary of experimental conditions in both granulation methodologies 













10 % w/w PVP 
50   
100   
150 600 3.14 
200   
250   
20 % w/w PVP 
50   
100   
150 600 3.14 
200   
250   
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4.1.3 Binder liquid characterisation 
 
4.1.3.1 Surface tension 
 
Surface tension (n=3) was determined using the Wilhelmy plate method (K100, Krüss 
GmbH, Hamburg, Germany) and an illustration of the technique is shown in Figure 4-1.  
 
 
Figure 4-1. Illustration depicting surface tension measurement using the Wilhelmy plate 
method. Taken from http://www.kruss.de/en/theory/measurements/surface-tension/plate-
method.html, last accessed 13 June 2013. 
 
A liquid volume of approximately 25 cm
3
 was added to the sample vessel. The 
temperature was between 24.97–25.60 °C for all measurements. The platinum plate 
(19.900 mm width, 10.000 mm height and 0.200 mm thickness) was thoroughly cleaned 
with water and heat treated with an oxyacetylene flame prior to use. The plate is 
assumed to be perfectly wetted such that the contact angle, θ, between the plate and the 
liquid sample is zero and therefore the term cos θ is taken to be 1. The probe was then 
attached to the instrument microbalance and lowered to a 2.00 mm immersion depth at 
which point measurements were recorded at approximately 12 s intervals over a 120 s 




      
         Equation 4-1 
 
where γ is the surface tension of the liquid (mN m-1), F is the force acting on the 
microbalance (mN), L is the wetted length (m) and θ  is the contact angle between the 
liquid and the plate (°). 





Liquid density (n=3) was determined by weighing a known volume of binder liquid. A 
mechanical pipette was fitted with a 1 cm
3
 plastic disposable tip and used to draw 1 cm
3
 
of liquid. The liquid was then dispensed into a tared container and the weight recorded 
to the nearest 0.001 g. The 1 cm
3





Binder liquid viscosity (n=3) was determined in triplicate using a continuous shear 
rotational rheometer (AR2000, TA Instruments, New Castle, DE, USA) fitted with a 60 
mm diameter cone (0:58:47 deg:min:sec) with 26 μm truncation gap. The inertia 
without cone fixture, with cone fixture and the zero gap distance between cone fixture 
and sample stage were calibrated prior to use. The cone and sample stage were cleaned 
with de-ionised water prior to each sample measurement. The sample stage was 
maintained at a temperature of 20 °C using a thermostatically controlled water jacket. 
Viscosity was determined over a shear rate range of 1–10000 s-1. Measurements were 
recorded at 10 points per decade with equilibrium criteria of less than 3.0 % difference 
for 3 consecutive measurements or a maximum measurement time of 1 min.  
 
4.1.3.4 Contact angle 
 
The contact angle between the binder liquid and HA powder (n=3) was determined by 
sorption measurements using the Washburn equation [9]. A stainless steel fritted base 
sample holder fitted with a filter paper was packed with 3.5000 g of HA powder. The 
sample holder was manually tapped 100 times to present a consistently packed powder 
column before each measurement. Approximately 25 cm
3
 of binder liquid sample was 
placed in the liquid sample vessel. The holder containing the HA sample was then 
attached to the instrument microbalance and lowered into the liquid. The mass increase 
as a function of time was recorded every 5 s over a period of 600 s. The gradient of the 
slope for data points between 400–600 s (R2 >0.9999 in all cases) was processed by the 
instrument software to calculate the contact angle according to Equation 4-2: 
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         Equation 4-2 
 
where m is the mass of liquid in the capillary (g), c is a constant (m
-5
), ρ is the liquid 
density (kg m
-3
), γ is the liquid surface tension (N m-1), θ is the contact angle (°) 
between the liquid sample and solid sample, µ is the liquid viscosity (Pa.s) and T is the 
time (s). The constant, c, was determined experimentally from capillary rise 
measurements using hexane as a completely wetting liquid [10]. 
 
4.1.4 Granule physical characterisation 
 
4.1.4.1 Granule size 
 
Granule size analysis (n=4) was performed as described in Section 2.1.2.3. The sieve 
analysis results led to characterisation of three granule classes; fine (corresponding to 
the sieve diameter of as-received HA and agglomerates ≤600 µm), intermediate 
(granules with sieve diameters between 600–2000 µm) and coarse (granules with sieve 
diameters between 2000–8000 µm). No granules >8000 µm, i.e. lumps, were formed. 
 
4.1.4.2 Bulk and tapped density 
 
Bulk and tapped densities (n=4) were measured as described in Section 2.1.2.4. The 
Carr’s index of compressibility [11] was used to assess flowability and was calculated 
from the bulk and tapped density values as: 
 
                    
              
    
       Equation 4-3 
 
A lower index defines a powder with greater flowability and can be related to the 
interparticulate friction and cohesiveness of the moving powder mass [12, 13]. Table 
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Table 4-2. Carr’s index scales of flowability 
Compressibility Index (%) Flow Character 





32-37 Very poor 
>38 Very. Very poor 
 
 
4.1.4.3 Granule envelope density 
 
Granule envelope density (n=4) was determined using the GeoPyc® apparatus 
described in Chapter 2. DryFlo® displacement media (~2.5 cm
3
) was added to the 
sample chamber (25.4 mm diameter) and five preparation cycles and 20 blank cycles 
were performed with a consolidation force of 51 N. A riffled sample (~4 g) was then 
added to the sample chamber and five preparation cycles and 20 measurement cycles 
were repeated using a consolidation force of 51 N. Envelope density was automatically 
calculated by the GeoPyc® software as described in Section 2.1.2.2 with the average of 
20 measurement cycles being reported as the mean envelope density for the sample.  
 
4.1.5 Statistical analysis 
 
Statistical analysis to determine whether significant differences existed between sample 
means was performed as described in Section 2.1.2.8. 
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4.2 Results and Discussion 
 
4.2.1 Binder liquid characterisation 
 
The measured properties of 10 and 20 % w/w PVP aqueous binder liquid are shown in 
Table 4-3. Data for water is also shown for comparison purposes where the density and 
contact angle were determined experimentally and the viscosity and surface tension 
results were obtained from the literature [14]. An increase in PVP concentration from 
10 to 20 % w/w resulted in an increase in density and viscosity and a decrease in surface 
tension and contact angle. 
 
Table 4-3. Surface tension, density, viscosity and contact angle between binder liquid 
and hydroxyapatite powder values for water, 10 and 20 % w/w PVP solutions. Mean ± 
SD (n=3). 
Property 
















































4.2.1.1 Binder liquid surface tension and density 
 
In the present study an increase in PVP concentration from 10 to 20 % w/w resulted in a 
decrease (p <0.10 Wilcoxon) in surface tension and an increase (p <0.10 Wilcoxon) in 
density (Table 4-3). These results are similar to those previously reported for aqueous 
PVP solutions, however the majority of previously reported data is for different 
viscosity grades of PVP as defined by the K value. The PVP grade used in the present 
study was PVP K29/32. When the concentration of PVP K10 was increased from 3 to 
13 % w/w the surface tension decreased from 63.6 to 53.8 mN m
-1 
[15]. Similarly, when 
the concentration of PVP K25 was increased in 5 % increments from 0 to 25 % w/w the 
surface tension consistently decreased from 72.80 to 44.17 mN m
-1
 [16]. When the 
concentration of PVP (grade not specified) was increased from 2 to 5 % w/w the density 
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of the solution increased from 1.000 to 1.003 g cm
-3
 [17]. Similar density increases as a 
function of increasing polymer concentration have also been reported for HPMC [15] 
and sodium carboxymethylcellulose [17]. 
 
4.2.1.2 Binder liquid viscosity 
 
The viscosity for each PVP binder liquid (Table 4-3) was reported as the mean of 
triplicate results generated at a shear rate of 5012 s
-1
, which represents the approximate 
midpoint of the shear rate range studied. An increase in PVP concentration from 10 to 
20 % w/w resulted in an increase (p <0.10 Wilcoxon) in viscosity (Table 4-3). This is 
consistent with previously reported results for much higher levels of PVP K29/32 where 
the viscosity at 35.5, 50, 54.5 and 58.3 % w/w concentration, as calculated using the 
reported data, in an aqueous solution was 300, 4600, 12800 and 27900 mPa.s 
respectively [18]. Similarly, an increase in PVP K10 concentration in an aqueous 
solution from 3 to 13 % w/w increased the viscosity from 1.3 to 3.1 mPa.s [15]. 
 
Continuous shear viscosity data was generated in the present study over a shear rate 
range of 1–10000 s-1. Figure 4-2 presents an example of the relationship between shear 
rate and shear stress for the 10 and 20 % w/w PVP binder liquids.  
 
 
Figure 4-2. Example shear rate versus shear stress profile for 10 and 20 % w/w PVP 
aqueous solutions generated using a continuous shear rotational rheometer. 
y = 0.0327x 
R² = 0.9991 
y = 0.0065x 






















Shear rate (s-1) 
20 % w/w PVP 
10 % w/w PVP 
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The analysis was conducted in triplicate for each binder liquid and the correlation 
coefficient (R
2
) for a linear fit line was >0.9987 in all cases. These data support the 
conclusion that both 10 and 20 % w/w PVP binder liquids are Newtonian, i.e. viscosity 
is shear rate independent. The observed Newtonian behaviour is important since it is 
likely that a wide range of shear rates exist within the granulator. Newtonian behaviour 
allows the assumption that, provided the shear rates experienced within the granulator 
fall within the range studied, the contribution of viscous forces will be consistent 
regardless of flow patterns, impeller speed, etc. The use of a non-Newtonian binder 
could complicate evaluation of the granulation process since the viscous contributions 
from the binder liquid may be expected to vary with the experimental conditions used. 
 
4.2.1.3 Contact angle 
 
The contact angles between both the 10 and 20 % w/w PVP binder liquids and the HA 
powder were < 90 ° implying that the liquid wets the surface, which will favour binder 
liquid distribution [19]. No previous reports were found in the literature for the contact 
angle between PVP binder liquids and HA powder, however results have been reported 
for other materials using the same Washburn equation method used in the present study. 
A range of liquids and powders have been studied with liquids including water, paraffin 
oil, 3 and 13 % w/w  aqueous PVP and 0.5, 1 and 1.5 % w/w aqueous HPMC solutions 
and ethylene glycol and powders including glass beads, aluminium oxide, zirconium 
dioxide, calcium carbonate and microcrystalline cellulose [9, 10, 15, 20]. These studies 
all reported the standard deviation for contact angle measurements in the range of 3-10 
% demonstrating that the variability presented in Table 4-3 is similar to that previously 
reported by other workers using the same Washburn equation method.  
 
4.2.2 Liquid saturation 
 
Granule growth is influenced by the degree of pore saturation by binder liquid. 
Different binder volumes will result in different levels of granule pore saturation 
depending upon the formulation properties and process conditions. Therefore, liquid 
saturation, Smax, was used as a dimensionless measure of liquid content [21, 22]: 
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        –       
       
        Equation 4-4 
 
where m is the mass ratio of liquid to solid, ρs is the density of solid particles, ρl is the 
liquid density and εmin is the minimum porosity the formulation reaches under given 
operating conditions. εmin is a complex function of formulation properties and operating 
conditions [6, 7]. For low intensity drum granulation it has been suggested that εmin 
could be estimated by measuring the in-process wet-tapped porosity of the formulation 
[21]. However, in high intensity granulators, such as the high shear mixer used in the 
present study, formulations are consolidated to a greater extent and εmin cannot be 
predicted without performing actual experimental measurements of granule porosity 
[21]. The determination of granule porosity for use in the calculation of Smax has 
previously been measured by mercury porosimetry [23]. In the present study the granule 
envelope density was measured by a powder pycnometry method (GeoPyc®) based on 
the experimental procedure developed in Chapter 2 where the powder pycnometry and 
mercury porosimetry methods were compared. A calibration curve was constructed 
(Section 2.2.3) and used to correct appropriately the corresponding results. εmin was then 
calculated by the following equation: 
 
        
  
  
         Equation 4-5 
 
Where ρe is the envelope density of the granule sample and ρg is the true density of the 
granule sample. The PVP true density of 1.18 g cm
-3
, determined using the experimental 
method described in Section 3.1.2.1, and the previously reported HA true density value 
of 1.92 g cm
-3 
[24-26], were used. True density of the HA/PVP granules, ρg, is 
expressed as a function of the true densities of the constituent single component 










         Equation 4-6 
 
where, n1 and n2 are the weight fractions of the constituent powders respectively. Such 
an approach assumes homogeneous mixing of the constituent powder components and 
representative sampling of the mixture. 
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Smax was directly proportional to binder liquid volume for each granulation process and 
binder viscosity (Figure 4-3) as would be predicted from Equation 4-4. An Smax of 1 
theoretically indicates complete saturation of the pores in the powder bed, with no 
residual surface liquid present. Smax <1 would be a limiting growth condition due to the 
absence of free liquid and Smax >1 would initially promote rapid growth, potentially 
resulting in the formation of a slurry. Therefore a delicate balance exists between 
achieving sufficient growth and preventing uncontrolled growth, or slurry formation, 
which would result in an un-usable over-wet mass.  
 
 
Figure 4-3. Hydroxyapatite granule liquid saturation, Smax, as a function of binder 
liquid volume. ■ 10 % w/w PVP by conventional granulation (R2 0.9731), □ 20 % w/w 
PVP by conventional granulation (R
2
 0.9780), ▲ 10 % w/w PVP by reverse-phase 
granulation (R
2
 0.9553), ∆ 20 % w/w PVP by reverse-phase granulation (R2 0.9488). 
Error bars represent 1 SD, n=4. 
 
In the 50–200 cm3 binder liquid volume range all granulation processes displayed a 
steady increase in Smax to a maximum ~1, with the reverse-phase process resulting in 
granules with a higher Smax (p <0.05 Wilcoxon) when compared to granules prepared 
using the conventional process. At the 250 cm
3
 binder volume the granulation processes 
differ significantly with the conventional process exhibiting significantly greater (p 
<0.05 Wilcoxon) Smax values which are approximately 30–40 % greater, than those of 




















Binder liquid volume (mL) 
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the conventional granules undergo greater consolidation, resulting in a lower εmin, and 
are therefore more prone to uncontrolled growth at the elevated binder liquid volume. 
At all binder liquid volumes the PVP concentration did not have a significant effect on 
Smax (p >0.05 Wilcoxon). 
 
It would be assumed that the immersion mechanism of the reverse-phase process would 
result in a greater Smax than the conventional process, however these results indicate the 
opposite at the 250 cm
3
 condition. One possible explanation is that the immersion of 
powder into the binder liquid during the reverse-phase process facilitates more complete 
wetting of capillaries within the HA particles, whereas the conventional granulation 
process has a lesser and more variable extent of capillary wetting. The plausibility of 
this capillary saturation theory is supported by results reported for the wet granulation 
of microcrystalline cellulose where the initial moisture content of microcrystalline 
cellulose was increased by exposing the material to elevated relative humidity 
conditions [27]. The microcrystalline cellulose was then wet granulated with a constant 
amount of binder liquid and the resultant granule size determined. It was found that an 
increase in microcrystalline cellulose moisture content resulted in a significant increase 
in granule size (d50%). This finding was attributed to the fact that as the initial moisture 
content of the microcrystalline cellulose was increased the interparticulate capillaries 
were filled with moisture to a greater degree. This resulted in increased binder liquid 
being present at the surface of the particles which facilitated coalescence and growth. If 
correct, this mechanism may support the reverse-phase process being less variable than 
the conventional granulation process since the extent of capillary wetting, and therefore 
Smax, would be expected to be more consistent.  
 
4.2.3 Granule particle size distribution 
 
Granule size distribution plots were constructed for both the conventional and reverse-
phase granulation processes (Figure 4-4 and Figure 4-5 respectively). Data representing 
un-granulated HA (employed as received) were included (Smax = 0) to indicate the 
baseline particle size. The results show visually that binder viscosity had a minimal 
effect on the granule size distribution for both the conventional and reverse-phase 
granulation processes. Differences are however observed when comparing the 
conventional and reverse-phase processes. As Smax increases to ~1 the conventional 
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process shows a minimal change in the granule size distribution, with a small 
percentage of particles >425 µm being formed. A further increase in Smax resulted in a 
marked decrease in the percentage of particles <425 µm and a sharp increase in the 
proportion of granules >1000 µm. In contrast the reverse-phase granulation process 
shows a steady decrease in particles <425 µm and corresponding increase in granules of 
the size range 425–4750 µm as Smax increases over the range studied. These data 
indicate that granule size distribution may be simpler to control in the reverse-phase 
granulation process.  









Figure 4-4. Size distribution for hydroxyapatite granules prepared using a conventional 
granulation process as a function of liquid saturation, Smax.  Solid line represents 10 % 

































































































































































































































































































Sieve aperature (µm) 
Smax 2.32 
10 % w/w PVP 20 % w/w PVP 
Decreasing size 








Figure 4-5. Size distribution for hydroxyapatite granules prepared using a reverse-
phase granulation process as a function of liquid saturation, Smax.  Solid line represents 






































































































































































































































































































Sieve aperature (µm) 
Smax 1.67 
10 % w/w PVP 20 % w/w PVP 
Decreasing size 
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When the size distribution is considered on a mass mean diameter basis (Figure 4-6) the 
conventional granulation process shows a statistically significant, but practically 
modest, increase with increasing Smax up to ~1.1 (p <0.05 Wilcoxon), while being 
insensitive to PVP binder liquid concentration (p >0.05 Wilcoxon). At Smax >1.1 rapid 
increase (p <0.05 Wilcoxon) in the mass mean diameter is observed. This is consistent 
with an induction growth mechanism where a period of little or no growth is associated 
with strong, slowly consolidating granules that do not deform sufficiently during impact 
to form strong contact bonds [2, 28, 29]. A period of rapid growth then occurs when 
granules either consolidate sufficiently to squeeze binder liquid to their surface or, as in 
this case, additional binder liquid is added.  
 
In contrast the reverse-phase process exhibits a gradual mass mean diameter increase (p 
<0.05 Wilcoxon) with increasing Smax across the full range studied. The mass mean 
diameter of granules prepared using the reverse-phase process is also insensitive to PVP 
binder liquid concentration (p >0.05 Wilcoxon). These results are consistent with steady 
growth behaviour. The reverse-phase granules start from a fully saturated state and are 
therefore likely to be more deformable which facilitates coalescence and growth. 
Provided that the bond is strong enough to resist granule breakage from the forces 
imparted within the granulator, the pair of granules will coalesce to form a new larger 
granule. This behaviour leads to a steady increase in granule size and is common in 
systems with coarse, narrowly-sized particles and low surface tension and/or low 









Figure 4-6. Hydroxyapatite granule mass mean diameter as a function of liquid 
saturation, Smax. ■ 10 % w/w PVP by conventional granulation, R
2
 0.9447. □ 20 % w/w 
PVP by conventional granulation, R
2
 0.9437. ▲ 10 % w/w PVP by reverse-phase 
granulation, R
2
 0.9712. ∆ 20 % w/w PVP by reverse-phase granulation, R2 0.8850. 
Error bars represent 1 SD, n=4. 
 
Analysis of the characteristic granule size fractions (Figure 4-7 – Figure 4-9) shows 
clear differences between the conventional and reverse-phase processes in each size 
category. Employing the conventional granulation process resulted in a greater 
percentage of particles being <600 µm than when the reverse-phase process was used, 
as Smax increases from 0 to ~1. At Smax values >1.1 the particles <600 µm are 
incorporated rapidly and to a similar extent for both processes. The proportion of 
granules with a particle size in the range 600–2000 µm increased approximately linearly 
over the entire Smax range for both granulation processes. The gradient of the growth 
slope for granules classified in the 600–2000 µm category is ~3–4 times greater for the 
reverse-phase process with values ~25–40 % compared to ~15% of the conventional 
granules. The conventional process shows only a low increase in the percentage of 
granules >2000 µm as Smax increases from 0 to ~1.1, at which point ~5 % of the 
granules are in this size range. An increase in Smax >1.1 resulted in much more rapid 
growth, with a marked increase in the mass of granules >2000 µm when the 
conventional granulation process was used reflecting the point at which induction 
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granules >2000 µm is observed as Smax increases across the entire range studied. For 
each specific process, there were minimal differences in particle size of the granules as 
a function of Smax when either 10 or 20 % w/w PVP binder liquids were utilised (Figure 
4-7 – Figure 4-9). 
 
 
Figure 4-7. Percent of hydroxyapatite granules <600 μm as a function of liquid 
saturation, Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by 
conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w 
PVP by reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
Figure 4-8. Percent of hydroxyapatite granules >600 μm and <2000 μm as a function 
of liquid saturation, Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w 
PVP by conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 
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Figure 4-9. Percent of hydroxyapatite granules >2000 μm as a function of liquid 
saturation, Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by 
conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w 
PVP by reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
4.2.4 Bulk density, tapped density and Carr’s index 
 
Bulk density (Figure 4-10) increased as Smax increased to ~0.70–0.85 (p <0.05 
Wilcoxon). Above a Smax value of ~0.85 further increases in Smax resulted in a marked 
decrease in bulk density (p <0.05 Wilcoxon). Tapped density (Figure 4-11) was 
unaffected as Smax increased to ~0.70–0.85 (p >0.05 Wilcoxon). Above Smax of ~1 
tapped density decreased markedly (p <0.05 Wilcoxon). The Carr’s index (Figure 4-12) 
decreased indicating an increase in the granule flowability for all granulation conditions 
as Smax increased to ~1 (p <0.05 Wilcoxon). At Smax >1 a plateau (p >0.05 Wilcoxon) in 
Carr’s index was reached, with the values of the latter being between 13–19, which 
indicates fair to good flow properties [11]. The reverse-phase granulation process 
resulted in a lower Carr’s index (p <0.05 Wilcoxon) than when the conventional 
granulation process was employed whereas the PVP binder liquid concentration had no 
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The trends of these parameters can be explained in terms of the progression of the 
granulation process. As Smax increases from 0 to ~0.7–0.85 the granule size distribution 
broadens (Figure 4-4 and Figure 4-5), which increases the packing efficiency and hence 
the bulk density increases [31]. As Smax increases further above ~1 the proportion of 
particles <600 μm decrease markedly (Figure 4-7) and the proportion of granules >600 
μm (Figure 4-8 and Figure 4-9) increased greatly. This reduced the packing efficiency 
creating a relatively open packing structure [32] and the bulk and tapped density 
decreased. A corresponding minimum in the Carr’s index is obtained due to the 




Figure 4-10. Hydroxyapatite granule bulk density as a function of liquid saturation, 
Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
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Figure 4-11. Hydroxyapatite granule tapped density as a function of liquid saturation, 
Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
Figure 4-12. Hydroxyapatite granule Carr’s index as a function of liquid saturation, 
Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
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4.2.5 Intragranular porosity 
 
Granule envelope density was measured using the GeoPyc® powder pycnometry 
apparatus and the results were corrected to approximate the mercury intrusion 
methodology using the linear regression calibration obtained as described in Section 
2.2.3. Intragranular porosity was then calculated from the sample true and envelope 
densities (Equation 4-5). Intragranular porosity (Figure 4-13) decreased with increasing 




Figure 4-13. Hydroxyapatite granule porosity as a function of liquid saturation, Smax. ■ 
10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
As Smax increased from 0 to 0.85 differences were observed between the conventional 
and reverse-phase granulation processes when considering the same binder liquid 
concentration. The reverse-phase process generated granules with lower intragranular 
porosity than the conventional process (p <0.05 Wilcoxon), consistent with the greater 
granule growth seen for the reverse-phase process in this Smax range. At Smax >1 the 
differences in intragranular porosity become minimal with the maximum Smax achieved 
being ~2.3 for the conventional process and ~1.7 for the reverse-phase process. Both 
experiments were performed with 250 cm
3
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achieved for this binder amount is explained by the intragranular porosity results; the 
conventional process consolidates to an intragranular porosity of ~25 % whereas the 
reverse-phase process consolidates to a higher intragranular porosity of ~30 %. 
 
4.2.6 Effect of binder liquid viscosity 
 
The results from this study show that the binder liquid viscosity has little to no effect on 
the physical properties of granules produced by both the reverse-phase and conventional 
granulation processes. Previous studies have reported on the effects of binder liquid 
properties on granules prepared using the conventional granulation process. Iveson et al 
[6] showed that there was an interaction between binder liquid content and viscosity. 
These researchers reported that an increase in content of a low viscosity binder (1 
mPa.s) decreased the granule porosity, while an increase in content of a high viscosity 
binder (650 mPa.s) increased the granule porosity, yet an increase in content of 
intermediate viscosity binders (5.4 and 70 mPa.s) had minimal effect on porosity. These 
differences were attributed to the different relative contributions of interparticulate 
friction, viscous dissipation and capillary forces in resisting deformation. Johansen and 
Shaefer [34] reported that when using a lower binder viscosity of 66 mPa.s the 
granulation process proceeded by nucleation and coalescence mechanisms giving steady 
growth. However, when viscosity was increased above 760 mPa.s immersion of 
particles in the binder droplets dominated and growth proceeded by layering of particles 
on the surface of the agglomerates and granule growth was hindered.  
 
In the present study the granule mass mean diameter increased (Figure 4-6) and granule 
porosity decreased (Figure 4-13) with increasing binder liquid content, with binder 
liquid viscosity having no effect (p <0.05 Wilcoxon). The two binder liquid viscosities 
evaluated were 6.86 (10 % w/w PVP) and 33.70 mPa.s (20 % w/w PVP), both of which 
fall below the growth behaviour transition reported by Johansen and Shaefer [34] and 
within the intermediate viscosity range where Iveson et al [6] reported little effect on 
granule deformation. Considering these data one could suppose that the viscosity range 
evaluated in the present study was such that minimal differences existed in the 
contribution of the binder liquid viscosity on interparticulate friction, viscous 
dissipation and capillary forces resulting in the observed similarities in granule size and 
porosity.  
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4.2.7 Proposed reverse-phase granulation mechanism 
 
Figure 4-14 shows the theoretical progression in Smax for both the conventional and 
reverse-phase granulation processes. The figure is based on 600 g of HA and 250 cm
3
 of 
10 % w/w PVP binder quantity being used in the granulation process. The x-axis 
represents the percentage of the formulation component added. For the conventional 
process the component added is the PVP binder liquid and the liquid:solid ratio is 
increased on the ordinate from 0–100 %, whereas for the reverse-phase process the 
component added is the HA powder and the liquid:solid ratio is decreased along the 
ordinates. The effect of three minimum porosity, εmin, values considered representative 
of the granulation process were simulated in the figure; 25 %, 35 % and 45 %. For the 
purposes of this figure it is assumed that the εmin reached is constant regardless of the 
amount of binder liquid added, however in reality an increase in binder liquid will 
change the consolidation behaviour of the granules and result in changes in εmin, and 
therefore Smax, as the process proceeds. 
 
 
Figure 4-14. Plot of liquid saturation as a function of percent formulation components 
added showing the effect of different minimum intragranular porosity reached. For the 
conventional process the component added is 250 cm
3
 10 % w/w PVP binder liquid. 


























Percent formulation components added 
Conventional granulation - Emin 25% 
Conventional granulation - Emin 35% 
Conventional granulation - Emin 45% 
Reverse-Phase granulation - Emin 25% 
Reverse-Phase granulation - Emin 35% 
Reverse-Phase granulation - Emin 45% 
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The conventional granulation process undergoes a gradual linear increase in Smax as the 
binder liquid is added. In contrast the reverse-phase process undergoes a steep non-
linear decrease in Smax as the HA powder is added. However, once all formulation 
components are added, i.e. 600 g HA and 250 cm
3
 PVP binder liquid, both granulation 
processes reach identical Smax values provided that the same εmin is achieved. As εmin is 
decreased, i.e. granule consolidation occurs, the final Smax attained is increased. In the 
present study clear differences in intragranular porosity were observed at higher 
liquid:solid ratios, in particular the 250 cm
3
 PVP:600 g HA experiments (Figure 4-3). In 
these cases the conventional granulation process reached a significantly lower 
intragranular porosity, and therefore greater Smax, than the reverse-phase process under 
identical conditions. This indicates that the method of granulation affected the 
consolidation behaviour of the granules and their subsequent performance. A proposed 
mechanism for the reverse-phase granulation process is presented in Figure 4-15. 
 
 
            (A)          (B)       (C)            (D)  (E) 
 
Figure 4-15. Proposed mechanism for the reverse-phase granulation process. 
 
The proposed mechanism for granule growth in the reverse-phase process shows the 
state at the start of the process as a suspension of powder particles in binder liquid 
(Figure 4-15A). At this point only viscous and frictional forces act, which are 
insufficient to dissipate the collision energy of the impeller blade and particles rebound. 
The concentration of particles in the binder liquid is low such that the probability of a 
successful collision between two particles is low. As the process proceeds further dry 
powder is added and the suspension becomes more concentrated and binder is present 
within, around and between powder particles (Figure 4-15B). Further powder addition 
reaches a point where available binder liquid becomes limiting and powder begins to be 
deposited onto liquid saturated powder particles rather than directly into binder liquid 
(Figure 4-15C). Distribution of the binder liquid over the surfaces and within the dry 
powder is controlled by wet granule breakage and binder mechanical distribution by the 
impeller and chopper blades. At this point Smax is decreased significantly to a critical 
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point where capillary forces begin to act and granules begin to form (Figure 4-15D). At 
this stage equilibrium is reached between granule growth and breakage, the balance of 
which is determined by the collision energy provided by the impeller blade versus the 
strength of the wet granules (Figure 4-15E). This is the desired endpoint for both the 
reverse-phase and conventional granulation processes. Further addition of dry powder 
results in further decrease in Smax which eventually reaches a critical point below which 
further granule formation is limited.  
 
  





The effects of Smax and binder liquid viscosity on a novel-reverse phase wet granulation 
process were investigated. The results were contrasted with those obtained using a 
conventional wet granulation process with the same formulation, equipment and process 
variables. Two important effects were reported. First, granule mass mean diameter 
increased with increasing Smax in all cases, with marked differences observed between 
the two processes. The conventional process exhibited induction growth behaviour, 
followed by uncontrolled growth at Smax >1.1. In contrast the reverse-phase process 
exhibited steady growth behaviour across the Smax range studied and uncontrolled 
growth was not observed. Second, intragranular porosity decreased with increasing Smax. 
In the Smax range ~0.2–1.0 use of the reverse-phase process resulted in lower 
intragranular porosity. At the highest binder volume studied, granules produced using 
the conventional process underwent a significantly greater decrease in intragranular 
porosity than those generated from the reverse-phase process. This resulted in a 
significant increase in Smax, which caused the observed uncontrolled growth for the 
conventional granulation process.  
 
On the basis of these findings a growth mechanism for the reverse-phase wet 
granulation process was proposed. The process is depicted to proceed from a state 
where powder particles are suspended in binder liquid, with only viscous and frictional 
forces acting, and particles rebound upon collision. Further addition of dry powder 
increases the suspension concentration to a point where available binder liquid becomes 
limiting. Distribution of the binder liquid over the surfaces and within the dry powder is 
controlled by breakage and mechanical distribution. At this point Smax decreases 
significantly to a critical point where capillary forces begin to act and granules begin to 
form. At this stage equilibrium is reached between granule growth and breakage. 
 
This study investigated the effect of binder liquid content and viscosity, while 
maintaining a constant impeller speed. However, impeller speed has been reported to 
have varying, and sometimes conflicting, effects on granule consolidation [35], growth 
[36] and breakage [37]. Since the mechanism for the reverse-phase granulation process 
has been shown to be sensitive to both granule consolidation and it is recommended that 
the effect of impeller speed be the focus of future study.  
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CHAPTER FIVE: THE EFFECT OF IMPELLER SPEED AND BINDER 













It is hypothesised that the reverse-phase granulation process can be controlled by a few 
simple variables, namely: binder liquid quantity, binder liquid viscosity and impeller 
speed (Section 1.7). The effects of binder liquid quantity and binder liquid viscosity at a 
constant impeller tip speed has been studied previously (Chapter 4). The use of the 
reverse-phase process was found to produce granules with a greater mass mean 
diameter and lower intragranular porosity when compared to those generated using the 
conventional granulation process under the same liquid saturation conditions. For both 
granulation processes the binder liquid viscosity was found to have no effect on granule 
mass mean diameter and intragranular porosity. The effect of impeller speeds on these 
relationships is of interest since this variable is known to impact granule consolidation 
[1], growth [2] and breakage [3]. Accordingly the effect of impeller speed and binder 
liquid viscosity upon granule properties provides the focus of the work described in this 
chapter. 
 
An increase in impeller speed, when using the conventional granulation process, has 
been reported to increase granule consolidation and growth, but also increase granule 
breakage in high shear granulators, depending upon the formulation and process 
variables. Knight et al [2] found that as impeller speed in a high shear mixer increased 
there was an initial increase in granule size, followed by a subsequent reduction. At low 
impeller speeds the granules had high sphericity, while those at high impeller speeds 
had a more irregular shape, indicative of breakage phenomena. Saleh et al [1] studied 
the combined effects of liquid content and impeller speed on the granulation of alumina 
powder with aqueous PEG binders and reported that increasing liquid content and/or 
increasing impeller speed resulted in a decrease in granule porosity and an increase in 
pore saturation. The effect of impeller speed on granule size distribution of a gabapentin 
tablet formulation was found to be complex [4], due to the balance between the increase 
in growth but also the increase in breakage, making a priori prediction difficult without 
quantitative knowledge of the growth and breakage regimes. 
 
Increasing impeller speed will increase the frequency and energy of impacts resulting in 
reduced granular porosity, and therefore increased liquid saturation [5-7]. An 
investigation of the breakage of glass ballotini and lactose particles found that the rate 
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of breakage was influenced by liquid saturation, binder liquid viscosity, binder liquid 
surface tension, and primary powder particle size [3]. The calculated Stokes 
deformation number, Stdef, gave a good prediction of the breakage probability for each 
formulation and a boundary Stdef value of 0.2 was proposed. The increase in impeller 
speed was thought to promote a shift from nucleation to steady or induction growth; and 
from steady growth to crumb behaviour. Such an observation could explain the 
apparently contrasting reports that increased impeller speed can both increase granule 
growth and increase granule breakage. 
 
The breakage mechanism is considered very important in wet granulation processes as it 
is thought to influence, and potentially control, the final granule size distribution [3]. 
Iveson et al [8] discuss the relevance of granule consolidation in breakage, indicating 
that an increase in impeller speed will increase the collision velocity between granules. 
If the increase in collision energy is greater than the dissipation capacity of the system 
then colliding granules will rebound, which reduces the probability of granule 
coalescence and growth. Therefore the effect of impeller speed on granule 
consolidation, and porosity, should be considered along with the resultant granule 
particle size, in order to gain further insight into this phenomenon. Hoornaert et al [9]  
reported an increase in the rate of granule consolidation with increasing impeller speed, 
whereas in contrast Eliasen et al [10] reported a decrease in granule consolidation. The 
effects of impeller speed appear to depend upon the formulation and equipment 
variables selected and therefore warrant further study for the specific system in 
question. 
 
Due to the fundamental differences between the reverse-phase and conventional 
granulation processes: i.e. the reverse-phase process starts from a condition 
characterised by a high Smax and the conventional process starts from a low Smax 
condition; it is proposed that an increase in impeller speed will have different effects. It 
is hypothesised that in the reverse-phase granulation process breakage of large moist 
agglomerates will control the final granule size, and that an increase in impeller speed 
will result in a greater extent of breakage and a reduced granule size. In contrast it may 
be suggested that use of the conventional granulation process will cause an increase in 
consolidation with increasing impeller speed, which might result in an increase in Smax, 
and a corresponding increase in granule size. There is the potential that for the 
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conventional process, at elevated impeller speed, the impact energy may not be able to 
be dissipated and granules may either rebound resulting in a minimal growth, or break 
resulting in a granule size decrease. 
 
Given the possible differences in consolidation between the conventional and reverse-
phase granules, the compaction properties of the latter may also be hypothesised to be 
different. A previous study by Carvajal and Macias [11] showed that as microcrystalline 
cellulose granule porosity decreased the granule strength increased according to an 
exponential relationship. They extended the finding by compressing the granules and 
showed that as the granule strength increased the tablet tensile strength decreased, again 
according to an exponential relationship. Based upon the proposed granulation 
mechanism for the reverse-phase process it is thought that the reverse-phase process 
may result in granules having a lower porosity, and therefore a greater strength, than 
granules produced using the conventional granulation process. The proposed less 
porous, stronger reverse-phase granules may therefore be expected to result in tablets 
with a lower tensile strength.  
 
Accordingly, the aim of this study was to compare the effect of impeller speed and 
binder liquid viscosity on the physical and compaction properties of granules prepared 
using both the reverse-phase and conventional methods of granulation. 
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Hydroxyapatite (HA) (TRI-CAL WG
TM
), poly (vinyl pyrrolidone) (PVP) (Plasdone 
K29/32) and DryFlo® displacement media were obtained from the suppliers detailed in 
Section 2.1.1. 
 
5.1.2 Granulation process 
 
Aqueous granulation binder liquid was prepared as described in Section 2.1.2.1 and 
granules were prepared by both the novel reverse-phase described in Section 2.1.2.1 and 
the conventional granulation process described in Section 4.1.2. A summary of the 
experimental conditions is presented in Table 5-1. 
 
Table 5-1. Summary of experimental conditions in both granulation methodologies 
studying the effects of binder liquid viscosity and impeller speed. 
Binder liquid 
composition 












  1.57 
  2.36 
200 600 3.14 
  3.93 
  4.71 
20 
  1.57 
  2.36 
200 600 3.14 
  3.93 
  4.71 
 
Binder liquid surface tension (Section 4.1.3.1), density (Section 4.1.3.2), viscosity 
(Section 4.1.3.3) and contact angle (Section 4.1.3.4) data used in this chapter are 
presented in Table 4-3. Granule size distribution (Section 2.1.2.3), bulk and tapped 
density (Section 2.1.2.4), Carr’s index (Section 4.1.4.2), envelope density (Section 
2.1.2.2) and intragranular porosity (Section 4.2.2) were determined as described 
previously. 
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5.1.3 Granule strength measurement 
 
Granules prepared using the 20 % w/w PVP binder liquid, both the conventional and 
reverse-phase granulation processes, were sieved according to the method described in 
Section 4.1.4.1. Granules in the sieve fractions 425–600, 600–850, 850–1000, 1000–
1700, 1700–2000 and 2000–3250 μm were retained and used for strength 
measurements. Granules were compressed individually (n=6) at a loading rate of 0.01 
mm s
-1
 using a texture analyser (TA, Stable Micro Systems, Haslemere, UK) equipped 
with a 5 kg load cell and a 3 mm diameter stainless steel sample probe. The texture 
analyser load cell was calibrated prior to use using a 1 kg weight and the displacement 
transducer was calibrated prior to use by taking a zero distance reference measurement. 
The peak fracture force was determined for each granule tested as the first discontinuity 
in the force-displacement profile, which corresponded to the point where the granule 
cracked. The diameter of each granule was obtained from the force-displacement profile 
as the point at which the force increases above zero, i.e. the point at which the probe 
touches the granule. The granule fracture strength was calculated as [12]: 
 
   
      
   
         Equation 5-1 
 
where σg is the granule fracture strength (MPa), Fmax is the peak fracture force (N) and 
D is the granule diameter (mm). This equation assumes granules fracture in tension 
along a plane representing the initial diameter. All granules were monitored visually 
during fracture and measurements were rejected for any granules that were observed to 
slip, or crush, rather than undergo tensile failure. 
 
 
5.1.4 Granule compaction 
 
Granules from the retained sieve fractions in Section 5.1.3 were compressed into flat-
faced compacts (n=6) weighing ~300 mg with a 10 mm diameter. The compaction was 
performed, as described in Section 3.1.10, with a compression force of 20 kN (250 
MPa), tablet tensile strength was calculated as described in Section 3.1.6 and tablet 
porosity was calculated as described in Section 3.1.7. All granule samples and compacts 
were stored under monitored conditions (minimum and maximum values of 20–22 ºC 
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and 22–33 % RH) to ensure moisture was not a factor in the determination of 
mechanical strength based on the results presented in Chapter 3. 
 
5.1.5 Statistical analysis 
 
Statistical analysis to determine whether significant differences existed between sample 
means was performed as described in Section 2.1.2.8. 
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5.2 Results and Discussion 
 
5.2.1 Liquid saturation and intragranular porosity 
 
Liquid saturation was calculated as described in Section 4.2.2. The binder liquid volume 
was held constant at 200 cm
3
 for all experiments based upon the results in Chapter 4 
where an impeller speed of 400 rpm resulted in an Smax of ~1 for the conventional and 
reverse-phase granulation processes when either 10 or 20 % w/w PVP binder 
concentrations were used. Smax ~1 represents a theoretical threshold between nucleation 
and growth behaviour. An impeller speed range of 200–600 rpm was selected to 
generate granules with varying degrees of consolidation and Smax which would result in 
transitions in the growth behaviour, e.g. from nucleation at Smax <1 to growth at Smax >1. 
The variation in impeller speed also produced varying degrees of collision energy which 
was expected to promote transitions from growth to breakage behaviour. 
 
According to Equation 4-3 Smax is inversely related to granule porosity. This 
relationship is evident in Figure 5-1 and Figure 5-2 which show the effect of impeller 
tip speed on intragranular porosity and Smax respectively.  
 
 
Figure 5-1. Hydroxyapatite granule porosity as a function of impeller tip speed. ■ 10 % 
w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional granulation, 
▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by reverse-phase 
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Figure 5-2. Hydroxyapatite granule liquid saturation, Smax, as a function of impeller tip 
speed. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
For both the conventional and reverse-phase granulation processes the 20 % w/w PVP 
binder resulted in a lower intragranular porosity, therefore greater Smax, than the 10 % 
w/w PVP binder at the same impeller tip speed (p <0.05 Wilcoxon). When the 10 % w/w 
PVP binder was used in the conventional process an increase in impeller tip speed had 
no effect on intragranular porosity and Smax (p >0.05 Wilcoxon). The profile was similar 
when the 20 % w/w PVP binder was used with impeller tip speeds of 1.57–3.93 m s-1. 
However, at increased impeller tip speeds of 3.93 and 4.71 m s
-1
 a reduction in 
intragranular porosity and increase in Smax occurred (p <0.05 Wilcoxon). One possible 
explanation is that a critical collision velocity is reached above which appreciable 
granule consolidation takes place and liquid is squeezed from within the granule 
structure to the surface, consistent with the induction growth behaviour observed for the 
conventional granulation process at 3.14 m s
-1 
in Chapter 4.  
 
The reverse-phase process produced an opposite trend. An increase in impeller tip speed 
increased intragranular porosity and reduced Smax (p <0.05 Wilcoxon), indicating that 
the increased collision energy may not be dissipated by interparticulate friction, viscous 
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energy and the granules dilate or break. Smax is lower using the 10 % w/w PVP binder 
than when 20 % w/w was employed. It is likely that the 10 % w/w PVP may dissipate 
less energy through viscous forces, when compared to the use of 20 % w/w PVP binder, 
causing a more ready loss of elastic energy, and therefore increased granule dilation 
resulting in a decreased Smax.  
 
The effect of Smax on granule mass mean diameter is presented in Figure 5-3. The data 
were obtained using both conventional and reverse-phase granulations processes, 10 
and 20 % w/w PVP binder liquid concentrations and 1.57–4.71 m s-1 impeller tip 
speeds. Each granulation process and binder liquid concentration is described by a 
unique best fit relationship. The conventional process using 10 % w/w PVP produced 
minimal changes in Smax and granule mass mean diameter. All other granulation 
experiments showed a positive relationship between granule diameter and Smax 
indicating that by controlling the Smax of the granulation process the final granule mass 
mean diameter can be predicted. 
 
 
Figure 5-3. Hydroxyapatite granule mass mean diameter as a function of liquid 
saturation, Smax. ■ 10 % w/w PVP by conventional granulation, R
2
 0.2448. □ 20 % w/w 
PVP by conventional granulation, R
2
 0.7203. ▲ 10 % w/w PVP by reverse-phase 
granulation, R
2
 0.9349. ∆ 20 % w/w PVP by reverse-phase granulation, R2 0.8727. 
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5.2.2 Granule particle size distribution 
 
Granule size distribution plots were constructed for both the conventional and reverse-
phase granulation processes at various impeller tip speeds (Figure 5-4 and Figure 5-5 
respectively).  
 
For the conventional process an impeller tip speed of 1.57 m s
-1
 resulted in a broad 
granule size distribution with the majority of particles in the 75–250 μm size range 
indicative of minimal granule growth. At impeller speeds of 2.36 m s
-1
 and 3.14 m s
-1
 
there was a decrease in the percent of particles in the size range 1000–2000 μm and an 
increase in the percent of particles in the 75–425 μm indicating breakage occurred. As 
impeller tip speed increased further to 3.93 m s
-1
 and 4.71 m s
-1
 there was a small 
increase in the percent of particles in 2000–4750 μm size range indicating that the 
additional collision energy resulted in a small amount of granule consolidation and 
growth.  
 
For the reverse-phase granulation process an impeller tip speed of 1.57 m s
-1
 resulted in 
a bimodal distribution with the primary mode centred around 4750 μm and the 
secondary mode centred around 250 μm. At impeller speeds of 2.36 m s-1 and 3.14 m s-1 
there is a decrease in the percent of particles in the size range 3350–4750 μm and an 
increase in the percent of particles in the 75–425 μm indicating that marked breakage of 





 there is minimal change in the granule size distribution. Binder viscosity 
appears to have a minimal effect on the granule size distribution for both the 
conventional and reverse-phase granulation process.  









Figure 5-4. Size distribution for hydroxyapatite granules as a function of impeller tip 
speed. Granules were prepared using a conventional granulation process using 200 cm
3
 
binder liquid. Solid line represents 10 % w/w PVP binder, dashed line represents 20 % 



















































































































































































































































































Sieve aperture (µm) 
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3.14 m s-1 
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3.14 m s-1 
2.36 m s-1 
Decreasing size 









Figure 5-5. Size distribution for hydroxyapatite granules as a function of impeller tip 
speed. Granules were prepared using a reverse-phase granulation process using 200 
cm
3
 binder liquid. Solid line represents 10 % w/w PVP binder, dashed line represents 
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When comparing the granule size distributions that were obtained using the 
conventional and reverse-phase processes clear differences were seen. The conventional 
process produced a greater proportion of granules with a small particle size (<600 µm) 
than the reverse-phase process at all impeller tip speeds. The proportion of granules in 
the intermediate size range (600–2000 µm) were approximately constant for all impeller 
tip speeds for both processes, however the reverse-phase produced ~10–15 % of the 
mass of particles in this category compared to ~3–6 % for the conventional process. The 
reverse-phase process generated a greater proportion of coarse granules (>2000 µm) at 
all impeller tip speeds than the conventional process. However, increasing the impeller 
tip speed reduced the total proportion of the coarse particles that were obtained using 
the reverse-phase process but increased when the conventional process was employed. 
To allow further analysis the effect of impeller tip speed on granule mass mean 
diameter was determined (Figure 5-6).  
 
 
Figure 5-6. Hydroxyapatite granule mass mean diameter as a function of impeller 
tip speed. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by 
conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % 
w/w PVP by reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
The granule mass mean diameter obtained using the conventional process with 10 % 
w/w PVP binder concentration is insensitive to impeller tip speed (P >0.05 Wilcoxon). 
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with a particle size which are decreased slightly (p <0.05 Wilcoxon) as impeller tip 
speed increased from 1.57 to 3.14 m s
-1
, however, at increased impeller tip speeds of 
3.93 and 4.71 m s
-1
 the granule mass mean diameter increased (p <0.05 Wilcoxon).  
This increase in granule mass mean diameter coincides with the increase in Smax shown 
in Figure 5-2. This behaviour for the conventional granulation process is consistent with 
the induction growth discussed previously in Section 4.2.3. At impeller tip speeds of 
3.93 and 4.71 m s
-1
 the conventionally formed granules using 20 % w/w PVP likely 
undergo significant consolidation, and this forces liquid from within the granule 
structure to the surface. Such movement of fluid increases the Smax and facilitates 
coalescence and growth of the granules.  
 
In contrast the use of the reverse-phase process resulted in a greater granule mass mean 
diameter than that obtained from the conventional process for all impeller tip speeds. 
The only exception to this observation was when conventional granulation was effected 
using 20 % w/w PVP and an impeller tip speed of 4.71 m s
-1
, discussed above. A 
significant decrease (P <0.05 Wilcoxon) in reverse-phase granule mass mean diameter 
occurs as impeller tip speed increased from 1.57 to 3.14 m s
-1
. However, at even greater 
impeller tip speeds of 3.93 and 4.71 m s
-1
 a plateau (p >0.05 Wilcoxon) occurred 
indicating a steady state between granule growth and breakage. The response of the 
reverse-phase process at the lower impeller speeds provides a useful means of process 
control; much more so than with the conventional granulation method if the objective is 
to produce granules with a pre-defined size. 
 
These granule size distribution and mass mean diameter results can be explained if the 
concept of dimensionless spray flux [13] is considered, which quantifies the conditions 
in the nucleation zone of the granulator for a conventional granulation process as:  
  
   
  
       
         Equation 5-2 
 
where Ψa is the dimensionless spray flux, V is the liquid volumetric flow rate (m
3
/s), dd 
is the average droplet size (m), v is the powder surface velocity beneath the nozzle (m/s) 
and ws is the width of the spray 90° perpendicular to the direction of powder flow (m).  
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The chances of a single droplet hitting the powder bed and being untouched by its 
nearest neighbor was modeled by Hapgood et al [14] as a Poisson distribution: 
 
                            Equation 5-3 
 
For Ψa = 0.1, f(single drop) equals 0.67 which signifies a 67 % probability of a droplet 
hitting the powder bed and not overlapping another drop and a drop-controlled 
nucleation regime is likely. In contrast for Ψa = 1.0, f(single drop) equals 0.018, or a 1.8% 
chance of a droplet not overlapping another when it hits the powder bed and a 
mechanical distribution regime is likely. If Ψa is sufficiently large the surface of the 
powder bed will become over-wet and form large wet areas. The mechanical action of 
the granulator is then required to break up these wet areas and distribute the binder 
liquid. In this regime large granules from wet clumps are formed very early in the 
process resulting in a bimodal distribution [15, 16]. As the process progresses the larger 
granules consolidate and binder liquid is squeezed to their surfaces, which enables 
incorporation of fine un-granulated particles through a layering mechanism [17-19]. 
The ultimate size of the granules will then be determined by the breakage forces 
experienced in the granulator [20].  
 
The reverse-phase process can be considered analogous to a situation where the Ψa is 
very large. The distribution of binder liquid, and the resultant granule size distribution, 
is therefore controlled by breakage of the large wet granules by impacts with the 
impeller. At lower impeller speeds granule breakage is less and large wet granules exist. 
This is seen as a bimodal distribution in Figure 5-5 for the 1.57 m s
-1
 experiment. As the 
impeller tip speed increased above 2.36 m s
-1
, the degree of breakage and binder liquid 
distribution increased and the bimodal granules move to a uni-modal distribution of 
significantly lower mass mean diameter. This is consistent with the findings of van den 
Dries et al [21] where an increase in impeller speed improved granule homogeneity by 
increasing the extent of granule breakage.  
 
An assessment of the granule size results for the reverse-phase process (Figure 5-5 and 
Figure 5-6) shows that breakage of large agglomerates appears to occur  at an impeller 
speed between 1.57 and 2.36 m s
-1
. This observation can be further explored by 
applying the work of Benali et al [22] who showed that the degree of mixing in a high 
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shear mixer depends on the competition between the gravitational force, Fg, and the 
centrifugal force, Fc , as shown in Equations 5-4 and 5-5: 
 
              Equation 5-4 
    





        Equation 5-5 
where m is the wet powder mass, g is the acceleration due to gravity, N is the number of 
impeller rotations per unit time, and Db is the diameter of the granulator bowl. The 
equilibrium between these forces occurs when a critical impeller tip speed, Nc, is 
reached: 
 
    
 




        Equation 5-6 
 
When calculated for the present reverse-phase granulation system a critical impeller tip 
speed of 1.82 m s
-1
 is obtained. In the present study only one impeller tip speed, 1.57 m 
s
-1
, was below this critical value. At speeds below the critical value, gravitational forces 
dominate and mixing will be less efficient. In the case of the reverse-phase process the 
combination of poor mixing at this low impeller speed and high Ψa, result in large over 
wet areas of the powder bed which cannot be dispersed mechanically and a bimodal 
particle size distribution results. As the impeller tip speed increased above the critical 
value the granule size progressed towards a uni-modal distribution indicating that 
improved mechanical dispersion occurred (Figure 5-5). 
 
In contrast the conventional process operates at a much lower Ψa, therefore is closer to a 
drop-controlled regime and operating below the critical impeller speed does not impact 
the granule size distribution or mass mean diameter as shown by the plateau in granule 
mass mean diameter in Figure 5-6. The exception are the granules produced using the 
conventional process with 20 % w/w PVP binder which exhibited rapid induction 
growth at an impeller tip speed of 4.71 m s
-1 
as discussed in Section 5.2.1. 
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5.2.3 Modified capillary number 
 
Granule consolidation and the resultant liquid bound granule strength is controlled by at 
least three forces: capillary forces, viscous forces and interparticulate friction [23]. In 
the current context interparticulate friction and viscous forces are dissipative in that they 
resist particle motion, whereas capillary forces are conservative in that they always act 
to pull particles together and therefore aid consolidation and resist dilation [23]. The 
effect of formulation variables, such as binder content and viscosity, and process 
variables, such as impeller speed, on the relative magnitude of these forces is complex 
to predict [24] and for this purpose a capillary number approach has been developed.  
 
A viscous capillary number (Cavis) relating the ratio between viscous forces and static 
forces has been defined [5]: 
 
Cavis   
    
          Equation 5-7 
where, µ is the binder liquid viscosity (Pa.s), γ is the binder liquid surface tension (mN 
m
-1
) and vo is the speed of the particles (m s
-1
). In a high shear mixer vo may be 
approximated as equal to πNDb, where N is the impeller speed and Db is the granulator 
bowl diameter. It was found that if Cavis < 10
-3
 viscous dissipation is negligible 
compared to capillary forces and that adhesion is the product of interfacial forces [5], 
whereas if Cavis is >1 viscous dissipation is dominant over capillary forces. Benali et al 
[22] later refined the approach and defined a modified capillary number (Ca*) which 
takes a similar form but incorporates the work of adhesion of the binder liquid: 
 
Ca*   
   
          Equation 5-8 
 
where ω is the work of adhesion (N m-1) equal to γ (1 + cosθ) and θ is the contact angle 
(°) of the binder liquid on the powder surface. In the latter study it was generalised that 
if Ca* <1 the interfacial forces are dominant and growth was not affected by binder 
viscosity and if Ca* >1.62 viscous forces dominate and control granule growth. 
Experimental data [22] suggests a Ca* value of 0.80 represents the threshold between 
interfacial and viscous forces dominating, however as the next closest Ca* values were 
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0.46 and 1.64 respectively the boundary value of 0.80 should be considered as 
approximate.  
 
Figure 5-7 shows the relationship between Ca* and the granule mass mean diameter for 
the data generated in the present study. An increasing Ca* represents a decrease in the 
relative contribution of capillary forces and an increase in the viscous contributions of 
the binder liquid.  
 
Figure 5-7. Hydroxyapatite granule mass mean diameter as a function of modified 
capillary number, Ca*. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w 
PVP by conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 
20 % w/w PVP by reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
The conventional granulation process produced granules with a mass mean diameter 
which was insensitive to Ca* <0.8. At Ca* >0.8, which only occurs for the 20 % w/w 
PVP, there is an increase in the mass mean diameter. This coincides with the decrease 
in intragranular porosity (Figure 5-1) and increase in Smax (Figure 5-2) observed for 
these experimental conditions, suggesting that an increase in the contribution of viscous 
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For the reverse-phase process the granule mass mean diameter decreased as Ca* 
increased to ~0.8, and at Ca* >1.1 a plateau in granule mass mean diameter is reached. 
These data suggest that granule growth in the reverse-phase process may be driven by 
capillary forces consistent with the fact that the reverse-phase process facilitates a 
greater degree of capillary wetting of the particles that the conventional process.  These 
findings are also in agreement with the proposed mechanism outlined in Section 4.2.7, 
where granule growth begins once Smax has decreased sufficiently such that capillary 
forces begin to contribute to wet granule strength. 
 
The fact that the conventional granulation process appears to be driven by viscous 
forces, whereas the reverse-process appears to be driven by capillary forces, can be 
explained by the effect of viscosity on the time it takes binder liquid to penetrate into 
the granule pores. The penetration time is defined in Equation 5-9 [25]: 
 




            
 
    
 
      
      Equation 5-9  
 
where τCDA is the predicted drop penetration time, Vd is the drop volume, ζ is the 
proportion of the powder surface comprised of hydrophobic particles, ε*eff is the 
effective porosity of the powder bed, Reff is the effective pore radius, µ is the binder 
viscosity, γ is the liquid surface tension and θ is the contact angle of the binder liquid on 
the powder bed.  
 
During the conventional granulation process the penetration of liquid into particle or 
granule pores depends upon the liquid viscosity. Low viscosity liquids penetrate the 
granules faster than high viscosity liquids. An increase in impeller tip speed will 
increase the rate of consolidation and also increase the rate and extent of liquid 
penetration. Granule growth can only be expected once the granule pores have been 
saturated with liquid of sufficient viscous force to dissipate the collision energy. In the 





In contrast the reverse-phase starts with complete saturation of the granule pores and 
therefore binder has already penetrated the pores and the concept of penetration time 
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has no meaning and effects of viscosity have little influence. Increases in impeller tip 
speed act to dilate the granule structure and act against capillary forces, therefore as 
Ca* increases the mass mean diameter decreases. Above a critical point, at which 
viscous forces dominate and the contribution of capillary forces diminishes, there is 
little effect of Ca* on mass mean diameter.  
 
5.2.4 Bulk density, tapped density and Carr’s index 
 
Both bulk and tapped densities (Figure 5-8 and Figure 5-9) decreased marginally as 
impeller tip speed increased from 1.57 to 3.14 m s
-1
 (p <0.05 Wilcoxon). A further 
increase in impeller tip speed to 3.93 m s
-1 
and 4.71 m s
-1 
result in both densities 
attaining plateau (p >0.05 Wilcoxon), with the exception of the granules prepared using 
the 20 % w/w binder liquid and the conventional granulation, where bulk and tapped 
density increased (p <0.05 Wilcoxon). An increase in impeller tip speed had no clear 
effect on Carr’s index (Figure 5-10), however all granulation conditions resulted in 




Figure 5-8. Hydroxyapatite granule bulk density as a function of impeller tip speed. ■ 
10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
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Figure 5-9. Hydroxyapatite granule tapped density as a function of impeller tip speed. 
■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
 
Figure 5-10. Hydroxyapatite granule Carr’s index as a function of impeller tip speed. ■ 
10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
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5.2.5 Granule breaking strength 
 
Granule size fractions with size cuts corresponding to 425–600, 600–850, 850–1000, 
1000–1700, 1700–2000 and 2000–3250 μm were collected from both the conventional 
and reverse-phase granulation processes with impeller tip speeds of 1.57, 2.36, 3.14, 
3.93 and 4.71 m s
-1
. Individual granules were compressed using a texture analyser and 
the peak fracture force and granule diameter were used to calculate the granule strength. 
The results are presented in Figure 5-11 and Figure 5-12 for granules obtained using the 
conventional granulation process and Figure 5-13 and Figure 5-14 for those obtained 
using the reverse-phase granulation process. The mean granule strength results are 
presented as a function of impeller tip speed and then as a function of mean size fraction 
to allow visualisation of both effects. 
 
  
Figure 5-11. Hydroxyapatite mean granule fracture strength as a function of impeller 
tip speed for different granule size fractions. Granules were prepared using a 
conventional granulation process using 200 cm
3
 of 20 % w/w PVP binder liquid. Error 
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Figure 5-12. Hydroxyapatite granule mean fracture strength as a function of mean of 
granule size fraction. Granules were prepared using a conventional granulation 
process using 200 cm
3
 of 20 % w/w PVP binder liquid at different impeller speeds. 
Error bars represent 1 SD, n=6. 
 
Figure 5-13. Hydroxyapatite mean granule fracture strength as a function of impeller 
tip speed for different granule size fractions. Granules were prepared using a reverse-
phase granulation process using 200 cm
3
 of 20 % w/w PVP binder liquid. Error bars 
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Figure 5-14. Hydroxyapatite mean granule fracture strength as a function of mean of 
granule size fraction. Granules were prepared using a reverse-phase granulation 
process using 200 cm
3
 of 20 % w/w PVP binder liquid at different impeller speeds. 
Error bars represent 1 SD, n=6. 
 
For the conventional granulation process an increase in the impeller tip speed from 1.57 
to 4.71 m s
-1
 resulted in an increase in the mean granule strength (p <0.05 ANOVA) for 
all granule size fractions (Figure 5-11) and as the granule size fraction increased from 
425–600 to 2000–3350 µm the mean fracture strength decreased (p <0.05 ANOVA) 
(Figure 5-12). For the reverse-phase process an increase in impeller tip speed had no 
effect (p >0.05 ANOVA) on mean granule strength (Figure 5-13) whereas an increase in 
granule size fraction from 425–600 to 2000–3350 µm resulted in a decrease (p <0.05 
ANOVA) in the mean fracture strength (Figure 5-14). From these data two major 
observations are apparent. First, the mean fracture strength of granules from the 
conventional process is sensitive to impeller tip speed, while the reverse-phase granules 
are not. Second, for both granulation processes, as granule size fraction increases the 
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5.2.5.1 Effect of granulation process on mean granule fracture strength 
 
Due to the limited quantity of granules in each size fraction porosity analysis (either by 
powder pycnometry or mercury porosimetry) was not possible. However, consideration 
of the Rumpf model for granule strength [27] can assist in understanding the differences 
in mean fracture strength obtained for granules produced using the conventional and 
reverse-phase granulation processes: 
 
   




                    Equation 5-10 
 
where σd is the dry granule strength (MPa), ε is the granule porosity (no units), F is the 
mean fracture force (N) and D is the diameter of the primary particles (mm).  
 
The model predicts that as granule porosity decreases the granule strength increases for 
particles of a given size. Previously reported studies support this model. For example 
the relationship between the porosity and strength of microcrystalline cellulose 
granules, comprising 12 size fractions in the size range 53–1190 µm, has been modelled 
using the Rumpf equation [11]. Additionally, granulation of calcium carbonate with 65 
% w/w aqueous PEG 4000 binder liquid at different impeller speeds showed that as the 
porosity of granules in the size fraction 500–600 µm decreased from 38.6 to 16.1 % the 
mean fracture force increased from 0.24 to 2.30 N [28]. Similarly, a second study 
employing the same formulation and granule size fraction produced with a higher range 
of impeller speeds showed that as the granule porosity decreased from approximately 38 
to 28 % the mean fracture force increased from approximately 0.5 to 2.0 N [29]. 
 
In conventional granulation processes granule growth occurs by the formation of liquid 
bridges between particles. As particles collide with each other, the impeller and 
granulator bowl, they consolidate and decrease in porosity. When the impeller tip speed 
is increased the magnitude and frequency of the collisions increases and a greater 
degree of consolidation occurs. This increased consolidation results in the observed 
increase in dry granule strength [29]. In contrast the proposed mechanism for the 
reverse-phase granulation process (Figure 4-15) depicts granules with closely packed 
particles and fully saturated pores. As granules collide the probability of consolidation 
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is lower since the granules are already near their minimum porosity. An increase in 
impeller speed will increase the collision energy, however since the interparticulate 
distance is already smaller than that of the conventional process, relatively less 
consolidation will take place and granules will be at approximately their maximum 
strength. Consequently, the increase in impeller tip speed in the current study has no 
effect on mean fracture strength of granules prepared using the reverse-phase process. 
This explanation is further supported by the fact that granules prepared using the 
reverse-phase process have a greater mean fracture strength than the granules prepared 
using the conventional granulation process. 
 
5.2.5.2 Effect of granule size fraction on mean granule fracture strength 
 
In practice it is typically observed that large agglomerates are more prone to fracture, 
since larger agglomerates are comprised of a greater number of primary particles, 
therefore a greater number of contact points and flaws exist through which cracks can 
propagate and cause fracture [30]. When considering the smaller granule size there is a 
higher probability that an individual particle may be the same length as the diameter of 
the granules and be positioned in the same orientation as the applied stress. This results 
in measurement of the fracture strength of individual particles rather than the strength of 
solid bridges between particles which would be expected to be weaker. It should also be 
considered that in the dynamic situation of the granulation process larger agglomerates 
would also be expected to undergo increased breakage, since for a given impact force 
the larger the size of the agglomerate the greater the momentum and the larger the stress 
that will be exerted on a weak point into the microstructure, i.e. a flaw or crack [30]. 
 
5.2.6 Granule compaction properties 
 
Flat-faced compacts of ~300 mg mass and 10 mm diameter were prepared using a 
compaction pressure of 250 MPa for granule size fractions of 425–600, 600–850, 850–
1000, 1000–1700, 1700–2000 and 2000–3250 μm obtained using both the conventional 
and reverse-phase processes at impeller tip speeds of 1.57–4.71 m s-1. Compact solid 
fraction, tensile strength and elastic recovery were calculated for each set of 
experimental conditions.  
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5.2.6.1 Effect of impeller tip speed on tablet tensile strength 
 
A plot of tablet tensile strength as a function of granule mean fracture strength was 
constructed as presented in Figure 5-15. There is no correlation between mean granule 
fracture strength and the tablet tensile strength and the granulation process, impeller 
speed and granule size fraction have no effect (p >0.05 ANOVA). This data rejects the 
original hypothesis which stated that an increase in granule strength may result in a 




Figure 5-15. Mean tablet tensile strength as a function of hydroxyapatite granule mean 
fracture strength for different granule size fractions. Granules were prepared using 
both the conventional and reverse-phase granulation processes using 200 cm
3
 of 20 % 
w/w PVP binder liquid at different impeller speeds, n=6. 
 
The original hypothesis was based upon the findings of Carvajal and Macias [11] who 
reported that as the strength of microcrystalline cellulose granules increased over the 
range 0.69–54.49 MPa, the tensile strength of tablets compressed at a pressure of 700 
MPa decreased from 6.77–0.23 MPa, according to an exponential relationship. In the 
present study the range of mean granule fracture strength (Section 5.2.5) was 0.079–
1.737 MPa and granules were compressed at a compaction pressure of 250 MPa but 


























Mean fracture strength (MPa) 
Conventional 1.57 m/s Conventional 2.36 m/s 
Conventional 3.14 m/s Conventional 3.93 m/s 
Conventional 4.71 m/s Reverse-Phase 1.57 m/s 
Reverse-Phase 2.36 m/s Reverse-Phase 3.14 m/s 
Reverse-Phase 3.93 m/s Reverse-Phase 4.71 m/s 
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were the mean granule fracture strength and the compaction pressure evaluated with the 
microcrystalline cellulose granules having markedly greater strength and being 
compressed at a greater compaction pressure. In the microcrystalline cellulose example 
the granule strength was determined using the Kawakita equation where compaction 
data is used to calculate granule strength whereas the present study determined the 
granule strength by fracturing individual granules. The difference in methodology may 
have contributed to the observed differences in granule strength. Nevertheless, in the 
case of the microcrystalline cellulose granules the maximum granule strength evaluated 
was ~7.8 % of the maximum compaction pressure, whereas in the present study the 
maximum granule strength evaluated was ~0.69 % of the maximum compaction 
pressure. It is most likely that the granule strength differences observed in the present 
study were overwhelmed and masked as a consequence of the compaction pressure 
employed during tablet compaction. It should be noted that the 250 MPa which 
overwhelmed these differences is considered a typical tablet compaction pressure used 
in commercial pharmaceutical manufacturing operations indicating that the observed 
variations in HA granule fracture strength were of no practical significance to the 
compaction process.  
 
The effect of impeller tip speed on the mean tablet tensile strength was evaluated for 
each granule size fraction obtained using both granulation processes. The results for the 
conventional process are presented in Figure 5-16 and for the reverse-phase process in 
Figure 5-17. Based on the fact that tablet tensile strength was not correlated with the 
granule fracture strength, and therefore granule porosity, the primary variable being 
evaluated in these figures is granule size fraction. The results show that no differences 
(p >0.05 ANOVA) are observed as a result of the granulation process, impeller tip 
speed or granule size fraction. This is likely due to the fact that granules are a composite 
of HA primary particles held together primarily by PVP solid bridges. During 
compaction the granules will fragment into smaller particles, at relatively low 
compaction pressure, the size of which will be determined to a large extent by the 
particle size of the primary particles. These primary particles will then undergo plastic 
and elastic deformation at elevated compaction pressures. Since all granulation 
experiments used a common batch of HA it is expected that regardless of the size of the 
granule they will fragment into primary particles of approximately similar size with 
similar deformation properties.  




Figure 5-16. Mean hydroxyapatite tablet tensile strength as a function of impeller tip 
speed for different granule size fractions. Granules were prepared using a conventional 
granulation process using 200 cm
3




Figure 5-17. Mean hydroxyapatite tablet tensile strength as a function of impeller tip 
speed for different granule size fractions. Granules were prepared using a reverse-
phase granulation process using 200 cm
3



























Impeller tip speed (m s-1) 
Conventional 425-600 micron 
Conventional 600-850 micron 
Conventional 850-100 micron 
Conventional 1000-1700 micron 
Conventional 1700-2000 micron 


























Impeller tip speed (m s-1) 
Reverse-Phase 425-600 micron 
Reverse-Phase 600-850 micron 
Reverse-Phase 850-1000 micron 
Reverse-Phase 1000-1700 micron 
Reverse-Phase 1700-2000 micron 
Reverse-Phase 2000-3350 micron 
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As discussed in Section 3.2.3.3 the compactibility of HA tablets is well described by a 
plot of tablet solid fraction against tablet tensile strength. For the granules generated in 
this chapter the compactibility plot is presented in Figure 5-18.  
 
 
Figure 5-18. Compactibility plot showing tablet tensile strength as a function of out-of-
die solid fraction for different hydroxyapatite granule size fractions. Granules were 
prepared using both the conventional and reverse-phase granulation processes using 
200 cm
3
 of 20 % w/w PVP binder liquid at different impeller speeds, n=6. 
 
A relatively low out-of-die solid fraction was achieved due to the intermediate 
compaction pressure (250 MPa) used in this study. A narrow solid fraction range of 
0.60–0.65 was obtained indicating that minimal differences in granule consolidation 
exist as a result of the granulation process used, the impeller tip speed or granule size 
fraction. Over the solid fraction range obtained there is no effect (p >0.05 ANOVA) of 
the granulation process, impeller speed and granule size fraction. 
 
5.2.6.2 Effect of impeller tip speed on elastic behaviour 
 
During the compaction process a point exists where excess compaction pressure is 
stored as elastic energy and then released during unloading, resulting in the breakage of 
some bonds that were formed during compression [31]. The effect of impeller tip speed 































Mean out of die solid fraction (no units) 
Conventional 1.57 m/s Conventional 2.36 m/s 
Conventional 3.14 m/s Conventional 3.93 m/s 
Conventional 4.71 m/s Reverse-Phase 1.57 m/s 
Reverse-Phase 2.34 m/s Reverse-Phase 3.14 m/s 
Reverse-Phase 3.93 m/s Reverse-Phase 4.71 m/s 
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and reverse-phase (Figure 5-20) granulation processes. The results show that the elastic 
recovery is similar in all cases and that there is no effect (p >0.05 ANOVA) of 
granulation process, impeller speed or granule size fraction. 
 
 
Figure 5-19. Elastic recovery as a function of impeller tip speed for different 
hydroxyapatite granule size fractions. Granules were prepared using a conventional 
granulation process using 200 cm
3
 of 20 % w/w PVP binder liquid, n=6. 
 
 
Figure 5-20. Elastic recovery as a function of impeller tip speed for different 
hydroxyapatite granule size fractions. Granules were prepared using a reverse-phase 
granulation process using 200 cm
3
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The consolidation behaviour was found to be similar for different granule size fractions 
from the conventional and reverse-phase processes over a range of impeller tip speeds. 
The granule fracture strength was not correlated to tablet solid fraction, tablet tensile 
strength or elastic recovery. These findings are likely to be due to two factors. 
 
First, the mean fracture strength of the granules is orders of magnitude weaker than the 
compaction pressure used in the tablet compaction. While the differences in granule 
strength between the reverse-phase and conventional granulation processes were 
significant, these differences were overwhelmed and masked as a consequence of the 
high pressures used during tablet compaction Second, tablet tensile strength is 
considered to be primarily determined by the bonding force between powder particles 
and the area over which these bonding forces act [32]. For all experiments a similar 
solid fraction was achieved meaning a constant bonding area existed. Also, the 
formulation and moisture content were maintained constant for all experiments meaning 
constant interparticulate bond strength existed. Consequently, tablet tensile strength and 
elastic behaviour were not affected by an increase in granule mean fracture strength. 
However, the increased granule strength resulting from the reverse-phase process will 
likely confer some advantages of improved robustness to handling, decreased friability 
and decreased segregation potential in a commercial manufacturing setting.  





Impeller tip speed had significantly different effects on the granules produced by 
conventional and reverse-phase granulation processes. For the conventional granulation 
process an increase in impeller speed initially has minimal effect on granule size 
distribution. However, a further increase in impeller tip speed results in granule 
consolidation and an increase in granule size, consistent with an induction growth 
regime where binder liquid is squeezed to the surface of the granules facilitating 
coalescence and growth. Granule growth in the conventional process appears to be 
driven by viscous forces based upon analysis of the calculated modified capillary 
number. In contrast when the reverse-phase process was used, an increase in impeller 
speed resulted in increased granule breakage. This was postulated to be due to the fact 
that the granulation process begins with fully saturated pores. Under these conditions 
further consolidation of granules at increased impeller tip speeds is limited and rebound 
or breakage occurs. Granule growth in the reverse-phase process appears to be driven 
by capillary forces which is consistent with the mechanism proposed in Section 4.2.7.  
 
In the reverse-phase process a critical impeller speed, represented by the equilibrium 
between centrifugal and gravitational forces, appears to represent the point above which 
breakage of large wet agglomerates and mechanical dispersion of binder liquid take 
place. The conventional process appears to be difficult to control due to variations in 
granule consolidation, which depends upon experimental variables. These variations 
mean impeller tip speed can both decrease and increase granule size. In contrast the 
reverse-phase process appears to offer simple control over granule porosity and size 
through manipulation of the impeller speed. 
 
The compaction properties of the resultant granules were unaffected by the method of 
granulation (conventional and reverse-phase), impeller tip speed and granule size 
fraction. The similar performance between the conventional and reverse-phase 
granulation processes indicates that while mechanistic differences exist in the formation 
of the granules, which results in granule-scale porosity and strength differences, the 
granule compaction properties at pharmaceutically relevant pressures are unaffected. 
Granule consolidation and growth behaviour in the reverse-phase process has been 
shown to be primarily controlled by the degree of liquid saturation (Chapter 4) and 
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impeller speed (Chapter 5). A growth regime map has been proposed for the 
conventional process, where granule growth behaviour is a function of only liquid 
saturation and the Stokes deformation number [7, 8]. The model is considered useful in 
that it ties easily measureable material properties (e.g. binder viscosity, wet granule 
strength, granule density and size) to operating conditions such as particle collision 
velocity or shear rate [33]. It is therefore recommended that a similar growth regime 
map be developed for the reverse-phase granulation process. 
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CHAPTER SIX: DEVELOPMENT OF A GROWTH REGIME MAP FOR A 




















The growth regime map for conventionally formed liquid bound granules (Figure 1-5) 
depicts the regime that a given granulation process will operate within to be a function 
of granule liquid saturation, Smax, and Stokes deformation number, Stdef [1, 2]. Several 
general themes are immediately identified from the growth regime map. An increase in 
binder liquid amount will increase the liquid saturation and move the system from dry 
to nucleation to induction or steady growth, and potentially the slurry condition. An 
increase in impeller speed or binder viscosity will increase the Stdef, and potentially 
Smax, and therefore move the system from nucleation or induction to steady growth to 
the crumb or slurry regimes. 
 
The regime map boundaries are not “validated”, however some experimental data have 
been reported previously. The boundary between nucleation and steady or induction 
growth behaviour depends upon the binder amount required to reach critical pore 
saturation and the consolidation behaviour of the wet granules. Published results 
suggest at Smax <0.7 insufficient liquid is present to achieve coalescence and only nuclei 
form [3]. An Smax between 0.8–0.9 %  generally results in a steady growth regime [2, 4, 
5]. Whereas, induction growth systems are those which are so strong they do not deform 
sufficiently to coalesce without the presence of free liquid at the granule surfaces, i.e. 
Smax >100 %. The boundary between steady growth and induction growth has been 
reported in the range of Stdef 0.001–0.003 [2]. Since an increase in the liquid saturation 
reduces the induction time it stands to reason that at high liquid saturations the 
difference between steady growth and induction growth disappears and both systems 
exhibit fast steady growth. The boundary between steady and crumb growth has been 
reported as Stdef of 0.1 [2] and ~0.2 [6].  
 
Since the reverse-phase granulation process has been shown to be primarily controlled 
by the degree of liquid saturation (Chapter 4) and impeller speed (Chapter 5), there is a 
reasonable likelihood that the growth regime map should be able to describe the growth 
regimes for reverse-phase process. The aim of this chapter was therefore to develop 
such a growth regime map for the novel reverse-phase granulation process.  
 
 






The results for binder liquid characteristics and granule physical properties reported in 
Chapters 4 and 5 are combined in this chapter and used in the calculation of Smax and 
Stdef. Binder liquid viscosity (Section 4.1.3.3), density (Section 4.1.3.2), surface tension 
(Section 4.1.3.1) and contact angle (Section 4.1.3.4) data used in this chapter are 
presented in Table 4-3. Granule size distribution (Section 2.1.2.3), envelope density 
(Section 2.1.2.2) and intragranular porosity (Section 4.2.2) were determined as 
described previously and presented in Chapters 4 and 5. 
 
6.1.1 Measurement of powder surface velocity 
 
In the present study the surface velocity of the powder bed was used as a surrogate for 
the representative collision velocity experienced between two particles in the 
granulator. Surface velocity was measured using a high-speed camera (TroubleShooter 
TS1000ME, Fastec Imaging, San Diego, USA) fitted with a wide angle lens. The high-
speed camera was mounted on a tripod such that the camera was facing directly 
downwards and focussing on the granulation process through a safety interlocked 
Perspex
TM
 cover. Two 1000 W halogen spotlights were used to illuminate the focal 
area. Video footage of the powder bed was recorded at 500 frames s
-1
 during the 10 s 
wet massing period of each experiment. The diameter of the granulator bowl (12.00 cm) 
was used as a reference feature to calibrate the distance measurements.  
 
The video footage was downloaded and analysed manually using MiDAS 4.0 Express 
software. During playback a clear feature in the wet granule bed (n=6) was identified 
(e.g. crack in the powder bed, large granule, etc) and followed using the frame-by-frame 
scrolling feature for a linear distance between 1.8–7.6 cm. The start and end frame 
numbers were recorded and the duration that the feature was tracked was calculated by 
the number of frames between point 1 and point 2 divided by the frame speed (500 
frames s
-1
). The linear distance between point 1 and point 2 determined by the software 
is shorter than the actual arc distance travelled by the feature. The arc distance was 
calculated using the approach reported by Hapgood et al [7], as depicted in Figure 6-1, 
which assumes the path travelled by the feature follows the curvature of a circle. 
 






a = height of adjacent face
b = radius of curvature
c = linear distance







Figure 6-1. Diagram of powder feature movement in the granulator bowl from a top-
down view. Adapted from  [7]. 
 
The linear distance travelled is shown as straight line c and the distance actually 
travelled by the feature is shown as arc line d. The distance a was measured using the 
MiDAS 4.0 Express software at the midpoint between point 1 and point 2. The actual 
distance travelled by the feature was calculated using the radius of curvature, b:  
 




         Equation 6-1 
 
The angle of the triangle, θ, was calculated by: 
 






         Equation 6-2 
 
The distance travelled by the granule is the circumference of the arc, d, and is calculated 
as:  
 
   
      
   
         Equation 6-3 
 
The powder surface velocity was then calculated by dividing the arc distance, d, by the 
duration that the feature was tracked.  




6.1.2 Wet granule strength 
 
An additive model, derived by Liu and Litster [8], which considers both the capillary 
strength and dynamic strength of the liquid bridges was used to calculate granule 
strength, σ, in the wet state: 
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      Equation 6-4 
 
where Smax is the liquid saturation (no units), ε is the granule porosity (no units), dp is 
the particle size of the primary particles (µm), γ is the liquid surface tension (mN m-1), θ 
is the liquid-solid contact angle (°), µ is the liquid viscosity (Pa.s) and νp is the relative 
velocity of particles (m s
-1
) within the granule, which is taken as the impeller tip speed 
and d3,2 is the surface mean particle size of the primary particles. 
 
6.1.3 Stokes deformation number 
 
The Stokes deformation number, Stdef, is the ratio of the impact kinetic energy of the 
wet granules just before collision to the characteristic work done in a collision to 
plastically deform the granules [2, 6]. Stdef gives a manner in which the relationship 
between formulation properties, binder liquid properties and operating conditions can 
be described. 
 
       
     
  
         Equation 6-5 
 
where ρg is the granule’s density, νc is the representative collision velocity, and σ is the 
wet granule strength. A smaller Stokes Stdef implies that significant energy is dissipated 
in deforming the granule during a collision and granule coalescence is favoured. 
 
6.1.4 Statistical analysis 
 
Statistical analysis to determine whether significant differences existed between sample 
means was performed as described in Section 2.1.2.8.  




6.2 Results and Discussion 
 
In order to calculate Stokes deformation number one must obtain suitable measurements 
of both the representative collision velocity and the wet granule strength. Each is 
discussed. 
 
6.2.1 Representative collision velocity 
 
The term for the representative collision velocity, νc, in Equation 6-5 has been reported 
to be 15–20 % of the impeller tip speed and investigators have used this fixed value 
assumption in the calculation of Stdef [8, 9]. The accuracy of this estimate has received 
little attention, though Cavinato et al [10] pointed to it as a source of error in their 
calculation of Stdef. Consequently the present study sought to either validate the 15–20 
% of tip speed approach or determine a more appropriate method. Powder surface 
velocity was selected as a practical in-process measurement to consider. Powder surface 
velocity has previously been found to be affected by impeller speed, mixer scale, fill 
level and extent of granulation [11]. In the current study the effect of liquid saturation, 
binder liquid viscosity, impeller tip speed and the type of granulation process 
(conventional and reverse-phase) on surface velocity was studied.  
 
The surface velocity of the granule bed (Figure 6-2) increased with increasing Smax (p 
<0.05 ANOVA) to a critical point, and then decreased significantly (p <0.05 ANOVA). 
The inclusion of 20 % w/w PVP binder within the granule mixture resulted in a greater 
surface velocity than when 10 % w/w PVP binder was included, reflecting a difference 
in cohesion between particles attributable to the increased binder concentration. The 
critical Smax is ~0.8 for the conventional process whilst this was ~1 for reverse-phase 
process. Below this critical Smax the granule mixture prepared using the reverse-phase 
process has a greater surface velocity than the conventional process when comparable 
amounts of binder liquid were incorporated (p <0.05 ANOVA). Above the critical Smax 
the surface velocity decreased significantly for both granulation processes (p <0.05 
ANOVA). At this point, rather than moving as a powder bed with consistent speed, 
large granules and over wet areas were observed to exhibit start/stop behaviour as they 
rolled over the top of the impeller blade. This suggests that determination of surface 
velocity could provide a potential in-process measurement to determine granulation 




end-point. In the case of the conventional process it is noted that for Smax ~1 the surface 
velocity began to decrease before a rapid granule growth was observed. This suggests 
that the surface velocity may decrease before, rather than at the point of rapid growth, 
and therefore be an early indicator of excess surface liquid before rapid coalescence and 
growth occur.  
 
 
Figure 6-2. Hydroxyapatite wet granule surface velocity as a function of liquid 
saturation, Smax, at 3.14 m s
-1
 impeller tip speed. ■ 10 % w/w PVP by conventional 
granulation, □ 20 % w/w PVP by conventional granulation, ▲ 10 % w/w PVP by 
reverse-phase granulation, ∆ 20 % w/w PVP by reverse-phase granulation. Error bars 
represent 1 SD, n=6. 
 
The observed differences in critical Smax between the reverse-phase and conventional 
granulation processes are potentially due to a greater involvement of liquid filled 
capillaries in the reverse-phase process, which was proposed initially in Section 4.2.2. 
The immersion mechanism of the reverse-phase process is likely to result in a greater 
degree of binder liquid present in the capillaries of the HA particles and granules than in 
the conventional process where less complete wetting of capillaries is likely. This effect 
means that at the same Smax the granules prepared by the conventional process will have 
a greater amount of binder liquid present at their surface and will experience rapid 
coalescence and growth, and therefore decreased surface velocity, at a lower Smax than 























Smax (no units) 
20% of impeller tip speed 
15% of impeller tip speed 




one considers that theoretically an Smax of 1 represents the point at which all pores 
within the particles and granules are filled with binder liquid and liquid will be available 
at the particle surfaces to facilitate coalescence and growth, which is then seen as a 
reduction in the surface velocity. According to this theory, and the preceding 
discussion, it would be predicted that the conventional granules, where incomplete 
wetting of intraparticulate capillaries occurs, would reach a point where surface liquid is 
present at Smax < 1 and surface velocity decreases. In contrast it would be predicted that 
the reverse-phase process, where more complete wetting of intraparticulate capillaries 
occurs, would reach a point where surface liquid is present only at Smax ~1 and surface 
velocity decreases. The data presented are in good agreement with the proposed 
explanation.   
 
The surface velocity of the granule bed (Figure 6-3) remained relatively constant as 
impeller tip speed increased, with some statistically significant (p <0.05 ANOVA) 
differences between means but no consistent theme in increase or decrease occurred. 
The granule mixture prepared using the reverse-phase process had a greater surface 
velocity than that prepared using the conventional process at all impeller tip speeds (p 
<0.05 ANOVA). For all data points the inclusion of 20 % w/w PVP binder was found to 
produce a granular mixture with a greater surface velocity than that produced using 10 
% w/w PVP binder (p <0.05 ANOVA). This finding can be explained by the greater 
viscous forces acting between particles produced using the higher concentration of 
binder, creating a more cohesive granule bed than when the lower concentration was 
employed, which facilitates mass movement. Granules prepared with lower viscosity 
binder have weaker liquid bridges acting between particles and are more likely to move 
past each other and the equipment surfaces when impacted by the impeller blade, 
resulting in a lower surface velocity. Such reasoning accounts for the strategy of 
measuring increasing impeller torque, or power consumption, as particle size increases 
during the granulation process, to determine the suitable endpoint [12].  
 





Figure 6-3. Hydroxyapatite wet granule surface velocity as a function of impeller tip 
speed using 200 cm
3
 binder liquid. ■ 10 % w/w PVP by conventional granulation, □ 20 
% w/w PVP by conventional granulation, ▲ 10 % w/w PVP by reverse-phase 
granulation, ∆ 20 % w/w PVP by reverse-phase granulation. Error bars represent 1 
SD, n=6. 
 
Figure 6-2 and Figure 6-3 show dashed lines representing the fixed 15 and 20 % of 
impeller tip speed approaches which have previously been employed to estimate the 
representative collision velocity [8-10]. When considering the effect of Smax the powder 
surface velocity varied between 5.98–20.81 % of the impeller tip speed; however in all 
cases the impeller tip speed was held constant at 3.14 m s
-1
. When considering the effect 
of impeller tip speed the surface velocity varied between 9.71–37.80 % of the impeller 
tip speed. These data indicate that the collision velocity will change significantly 
depending on the binder liquid amount, binder liquid viscosity, and consolidation 
properties of the granules. As such, the assumption of a fixed representative collision 
velocity is considered flawed and so in an attempt to represent the dynamic nature of 
the representative collision velocity the surface velocity measurements determined in 
this study have been used in the calculation of Stdef. It is recognised that a velocity 
gradient is likely to exist both from the center of the granulator bowl to the outside 
(though likely relatively small in the present case where the radius is 6 cm) and from the 
base of the granulator bowl to the powder surface. Therefore the surface velocity 
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magnitude of this gradient could be further investigated by loading the granulator bowl 
with a varying mass of powder and performing surface velocity measurements. 
 
6.2.2 Wet granule strength 
 
Figure 6-4 shows the calculated wet granule strength as a function of Smax. Wet granule 
strength increased for all conditions as Smax increased as would be predicted by 
Equation 6-4. A single best fit curve adequately describes the relationship between Smax 
and wet granule strength for each binder liquid concentration, regardless of whether the 
reverse-phase or conventional granulation processes are used.  
 
 
Figure 6-4. Calculated hydroxyapatite wet granule strength as a function of liquid 
saturation, Smax. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by 
conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w 
PVP by reverse-phase granulation. R
2
 0.9401 for 10 % w/w PVP, R
2
 0.9705 for 20 % 
w/w PVP. Error bars represent 1 SD, n=4. 
 
Figure 6-5 shows the effect of impeller tip speed on the calculated wet granule strength. 
The conventional process calculated wet granule strength differs depending upon the 
viscosity of the binder liquid that is incorporated. When the 10 % w/w PVP binder 
liquid was included the impeller tip speed had no effect (p >0.05 Wilcoxon) on wet 
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increase (p <0.05 Wilcoxon) across the entire impeller speed range. These results 
confirm the behaviour represented in Figure 5-2, where a marked increase in Smax was 
found to occur as a result of the increased consolidation. The reverse-phase granulation 
for the 10 % w/w PVP binder liquid shows a slight decrease (p <0.05 Wilcoxon) in wet 
granule strength as impeller tip speed increased, while the 20 % w/w PVP binder 
resulted in an initial decrease (p <0.05 Wilcoxon) in wet granule strength as impeller 
speed increased from 1.57 to 3.14 m s
-1
 followed by a plateau (p >0.05 Wilcoxon) as the 
impeller speed was increased further to 4.71 m s
-1
. The relationship between impeller 
speed and wet granule strength is similar to the relationship between impeller speed and 
granule mass mean diameter shown in Figure 5-6 indicating that the wet granule 
strength may be a good predictor of the final granule size. 
. 
 
Figure 6-5. Hydroxyapatite wet granule strength as a function of impeller tip speed ■ 
10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by conventional 
granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w PVP by 
reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
6.2.3 Relationship between Stdef and process parameters 
 
Granule size and porosity are important granule parameters in relation to product 
quality and both of these factors are fixed by the rate and extent of various macroscopic 
growth mechanisms in the granulation process. Stdef decreased as Smax increased (Figure 
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creates a condition where excess energy may be dissipated as elastic energy resulting in 
dilation of the granule structure. In the present study a decrease in Stdef was induced by 
an increase in the amount of binder liquid added (Figure 6-6). An increase in the 
amount of binder liquid can cause an increased dissipation of collision energy by 
viscous forces, however this will also decrease the contributions of interparticulate 
friction forces through lubrication of particle-particle contacts, and decrease capillary 
forces when Smax is > 1.0.  
 
 
Figure 6-6. Stdef as a function of Smax for hydroxyapatite granules using an impeller tip 
speed of 3.14 m s
-1
. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by 
conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w 
PVP by reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
The effect of impeller tip speed on Stdef is shown in Figure 6-7. The granulation process 
plays a significant role in determining the Stdef. For the conventional process an increase 
in impeller tip speed resulted in a decrease (p <0.05 Wilcoxon) in the Stdef of the granule 
mixture. However, for the reverse-phase process an increase in impeller tip speed to 
3.14 m s
-1
 resulted in a large initial increase (p <0.05 Wilcoxon) in Stdef, followed by a 
plateau (p >0.05 Wilcoxon) as impeller tip speed increased further. Based on these data 
it would be expected that the conventional granule size would be relatively insensitive 
to Stdef, however the reverse-phase granule size would be expected to be reduced as 
impeller tip speed increased to 3.14 m s
-1
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Figure 6-7. Stokes deformation number, Stdef, as a function of impeller tip speed for 
hydroxyapatite granules. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w 
PVP by conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 
20 % w/w PVP by reverse-phase granulation. Error bars represent 1 SD, n=4. 
 
6.2.4 Relationship between Stdef and mass mean diameter 
 
Figure 6-8 presents the relationship between Stdef and granule mass mean diameter. The 
data include all results from the conventional and reverse-phase processes spanning Smax 
values between 0.20–2.33, impeller tip speeds between 1.57–4.71 m s-1, containing 
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Figure 6-8. Hydroxyapatite granule mass mean diameter as a function of Stokes 
deformation number, Stdef. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w 
PVP by conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 





 0.7340. Error bars within points represent 1 SD, n=4. 
 
The granule mass mean diameter decreased with increasing Stdef for all the sets of 
conditions studied. As Stdef increases the probability of granule coalescence reduces 
which is clearly seen from the data as a reduction in the granule mass mean diameter, 
with Stdef values >~0.2 appearing to represent a boundary above which granule breakage 
has occurred. The conventional and reverse-phase granulation processes show a similar 
profile, however distinctly different granule mass mean diameters are obtained for the 
same Stdef values obtained using the two different processes. This indicates that the 
reverse-phase process is capable of dissipating a greater amount of collision energy than 
the conventional process. This is potentially due to the granulation mechanisms that 
have been proposed. The reverse-phase process begins from a fully saturated state 
meaning that the system is likely more deformable than the conventional process. Stdef 
appears to be a good predictor of granule mass mean diameter over a wide range of 
process conditions, and is capable of differentiating between the conventional and 
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6.2.5 Relationship between Stdef and intragranular porosity 
 
Figure 6-9 presents the relationship between Stdef and intragranular porosity. The data 
comprise all results from the conventional and reverse-phase processes spanning an Smax 
range of 0.20–2.33, impeller tip speeds of 1.57–4.71 m s-1, including either 10 or 20 % 
w/w PVP binder concentrations.  
 
 
Figure 6-9. Hydroxyapatite granule porosity as a function of Stokes deformation 
number, Stdef. ■ 10 % w/w PVP by conventional granulation, □ 20 % w/w PVP by 
conventional granulation, ▲ 10 % w/w PVP by reverse-phase granulation, ∆ 20 % w/w 
PVP by reverse-phase granulation. Conventional process R
2
 0.9099, Reverse-Phase 
process R
2
 0.7808. Error bars represent 1 SD, n=4. 
 
Intragranular porosity increased as Stdef increased. As Stdef increased the system is 
capable of dissipating less collision energy. Excess energy may be dissipated as elastic 
energy, increasing the probability that granules will rebound when they collide resulting 
in dilation or breakage of the granule structure. This is clearly seen from the data as an 
increase in the intragranular porosity with increasing Stdef. The conventional and 
reverse-phase granulation processes show similar profiles, however the reverse-phase 
granulation process produces granules with a lower intragranular porosity than the 
conventional granulation process at the same Stdef values. This supports the hypothesis 
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which can dissipate a greater amount of collision energy than the conventional process 
and resist granule rebound. The model appears to be a good predictor of intragranular 
porosity over a wide range of process conditions, and is also capable of identifying 
differences between granules produced by the two granulation processes. 
 
6.2.6 Proposed growth regime map 
 
Based upon the granule consolidation and growth behaviour presented in Chapters 4 
and 5, and the relationship between liquid saturation, Smax, and Stokes deformation 
number, Stdef, a growth regime map is proposed for the reverse-phase granulation 
process (Figure 6-10). Data for the conventional granulation process has also been 
included in the growth regime map to allow comparison between the granules produced 




Figure 6-10. Proposed growth regime map for hydroxyapatite/poly (vinyl pyrollidone) 
granules, n=4. Error bars not shown. ■ 10 % w/w PVP by conventional granulation, □ 
20 % w/w PVP by conventional granulation, ▲ 10 % w/w PVP by reverse-phase 
granulation, ∆ 20 % w/w PVP by reverse-phase granulation. 
 
 




When considering the granulation processes the data points move progressively from 
the dry region, through the nucleation and/or crumb regions, and finally into the steady 
or induction growth regimes as Smax increases. It is noted that the data points associated 
with changes in impeller tip speeds in the range 1.57–4.71 m s-1 are all positioned at the 
confluence between nucleation and induction growth and that changes in Smax over the 
range 0.2–2.33 have a much greater influence on the location within the growth regime 
map. The following data support the assignment of the approximate regime map 
boundaries in Figure 6-10.  
 
6.2.6.1 Dry and nucleation regime boundary 
 
The dry region is characterised by granule sizes similar to those of the un-granulated 
material, i.e. Smax of 0 with all particles <425μm. For the conventional process Smax of 
0.20–0.22 resulted in dry material, whilst Smax of 0.39 and 0.44 (Figure 4-4) resulted in 
nucleation. An Smax of 0.22–0.24 for the reverse-phase process (Figure 4-5) resulted in a 
slight increase in the percent of particles greater than 425 μm. The dry to nucleation 
regime boundary was therefore proposed to be approximately 0.22. 
 
6.2.6.2 Nucleation and growth regime boundary 
 
The nucleation region is characterised by particles with size greater than the un-
granulated material, but a period where only nuclei are formed and little granule growth 
takes place. Traditionally Smax values >1 are considered necessary to result in available 
binder liquid at the surface of the granules which allows coalescence and granule 
growth. For the conventional granulation process there was a negligible change in 
granule mass mean diameter for Smax between 0.95–0.98 (Figure 5-3) indicative of 
nucleation behaviour. For Smax values >1.05 obtained using the reverse-phase process, 
and 1.08 for the conventional granulation process, resulted in a transition from 
nucleation behaviour to granule growth (Figure 5-3). The nucleation to growth regime 








6.2.6.3 Induction growth and steady growth boundary 
 
The steady growth and induction regions are differentiated by the degree of granule size 
increase. An induction granulation system can appear to be operating in the nucleation 
regime, where little to no granule growth occurs, until a critical point is reached when 
induction behaviour is triggered and rapid granule growth takes place. In contrast for 
steady growth behaviour significant granule growth is seen as Smax increases or Stdef 
decreases.  
 
The reverse-phase process exhibited steady growth behaviour (Figure 4-6) as Smax 
increased from 0–1.78, whereas, in contrast under these conditions the conventional 
process exhibited induction growth. In particular for the 200 cm
3
 20 % w/w PVP 
conventional process an impeller tip speed between 1.57–3.14 m s-1 yielded little 
granule growth, however an increase to 3.93 and 4.71 m s
-1
 resulted in significant 
reduction in intragranular porosity (Figure 5-1), an increase in Smax (Figure 5-2) and 
resultant granule growth (Figure 5-3). Process conditions where Smax >1 and Stdef <0.08 
appear to represent the point at which sufficient granule consolidation occurs to 
facilitate induction growth. As Smax increases the critical Stdef required to cause 
consolidation and movement of binder liquid to the granule surfaces reduces. Therefore 
a negative sloping boundary between steady and induction growth exists (Figure 6-10), 
however it is difficult to definitively state the slope of this boundary without additional 
data. 
 
6.2.6.4 Growth and crumb regime boundary 
 
The crumb region is determined by the minimum wet granule strength required to 
withstand the breakage forces experienced in the granulator. In the present studies Stdef 
>0.2 represents a condition where a significant reduction in granule mass mean 









6.2.7 Discussion of the growth regime map 
 
It is noted that in some cases the Stdef values in the present study differ greatly from 
those reported previously. For instance the boundary between steady growth and 
induction in the present study was found to be Stdef ~0.08, however has previously been 
reported to be Stdef 0.001–0.003 [2]. This is not uncommon with regards to boundary 
conditions, for example the boundary between steady growth and crumb was found to 
be Stdef ~0.2 in the present study but has been reported to be anywhere between Stdef 
0.01 [13], 0.04 [1] and 0.2 [6].  
 
Several phenomena have been suggested to explain such deviations. Formulation 
constituents can dissolve in the binder liquid thereby causing the actual viscosity to 
differ from that experimentally determined for the binder alone; the value of which is 
subsequently used to calculate granule strength (Equation 6-4) [10, 14]. Moreover, 
errors in the estimation of the representative collision velocity, as acknowledged in the 
present study, can magnify discrepancies greatly since Stdef is proportional to the 
representative collision velocity squared [2, 10].  
 
In many cases interparticulate frictional forces and cohesive forces are neglected in the 
determination of wet granule strength [14]. In general the equations used to calculate 
wet granule strength effectively take into account strength differences due to viscosity, 
particle size, packing density, and velocity changes, however they do not account for 
changes in primary particle shape or granule saturation [3], which have been shown to 
be significant factors in determining the strength of wet agglomerates [15]. As a result 
direct measurements of granule yield strength have been pursued. Iveson et al [2] 
studied wet granule yield strength by direct measurement at strain rates of 0.015 mm s
-1
. 
However, these researchers concluded that these strain rates were too low to be 
representative of those experienced during high speed impacts and that at such low 
strain rates dynamic effects and viscous dissipation may not be activated, resulting in an 
artificially high estimate of the Stdef.  
 
Subsequently dynamic yield strength measurements have been performed using a 
specialised high-speed hydraulic load frame capable of reaching speeds up to 15 cm s
-1
 
[16]. At these increased speeds it was found that the yield strength of granules was 




strain rate dependent and that the ranking of yield strength for granules prepared with 
different viscosity binders varied with strain rate. However, this strain rate is still 
significantly less than the impeller tip speeds of 1.57–4.71 m s-1 used in the present 
study, and impact velocities up to 10 m s
-1
 [9, 17] which have been suggested to be 
present in some high shear granulators. In reality, granules will experience a distribution 
of shear and impact stresses, and the distribution will typically depend upon the flow 
pattern in the given granulator [18], therefore any ex granulator measurements will only 
be an estimate of the true forces experienced in the granulator. Positron Emission 
Particle Tracking (PEPT) has been employed recently for real time measurement of 
particle motion inside granulators, however this equipment is highly specialised and not 
widely available [19]. 
 
Given these experimental variations it is noted that a very tight window exists at the 
confluence between nucleation, steady and induction growth behaviour. In the context 
of the present study a transition zone has been proposed where the dominant growth 
behaviour cannot be elucidated completely, however such a zone should be considered 
a “knife edge” where subtle uncontrolled changes in material properties, or operating 
conditions, can result in a variety of growth scenarios. Based on the current variation in 
reported Stdef across multiple formulations, granulation equipment and operating 
conditions, and the need to incorporate a transition zone into the map for the present 
study, the current proposed regime map boundaries conditions are considered tentative 
and specific to the system studied. Iveson et al [2] acknowledged that the regime 
boundaries are likely to depend on other factors not incorporated into the growth regime 
map, such as binder liquid viscosity; and that a fully general regime map, yet to be 
elucidated, will require at least three dimensions. As such it is concluded that the regime 
map is a useful tool for comparing the behaviour of similar materials and binder liquids 
in the same granulator, however comparisons across different formulations and granule 
blends incorporating binder liquids with large differences in viscosity or different 
granulators are likely to prove difficult. This is a clear opportunity for future study. 
 
  






Granule surface velocity was shown to be a suitable method to estimate the 
representative collision velocity in the granulator and demonstrated that the assumption 
of a fixed representative collision velocity is flawed. This method was also sensitive to 
rapid increases in granule size and has the potential to be used in the future as a 
granulation process endpoint indicator.  
 
Stokes deformation number, Stdef, was shown to be a good predictor of both granule 
resultant mass mean diameter and intragranular porosity over a wide range of process 
conditions. The data presented support the hypothesis that the reverse-phase granulation 
process results in a greater degree of granule consolidation than that produced using the 
conventional granulation process. As a result reverse-phase granules have a greater 
amount of surface liquid present which can dissipate collision energy and resist granule 
rebound resulting in the greater granule growth observed. Stdef was capable of 
differentiating these differences in granulation process. These results were used to 
construct a growth regime map to describe the wet granulation growth mechanisms 
which were observed. The growth regime map considered both the dimensionless Stdef 
and Smax parameters. The regime map was able to differentiate between the dry, 
nucleation, steady and induction growth regimes. However, significant differences were 
observed between the boundary values in the present study and those previously 
reported. As a result it is concluded that although the growth regime map might be 
considered a useful tool for comparing the behaviour of similar formulations within the 
same granulator, it is unlikely that it can be applied numerically to other formulations or 
granulators. 
 
At this stage the feasibility of the reverse-phase granulation process has been 
established, a mechanism for granule consolidation and growth has been proposed and 
the effect of major variables established according to the proposed growth regime map. 
Additionally, the hypothesis that the compaction properties of reverse-phase granules 
would be inferior to conventional granules was rejected. It is therefore recommended 
that further work be performed to address the concern that the reverse-phase granulation 
process may result in a greater rate or extent of drug solid state transformation, due to 
the immersion mechanism of powder into the binder liquid.  
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CHAPTER SEVEN: IN-SITU MONITORING OF ANHYDROUS 
THEOPHYLLINE HYDRATION USING RAMAN SPECTROSCOPY: A 






















The feasibility of the reverse-phase granulation process has been established by work 
presented in the preceding chapters. The influence of binder liquid amount, binder 
liquid viscosity and impeller speed on the resultant granule size and porosity were 
compared to the conventional granulation process and certain advantages of the reverse-
phase granulation process were highlighted. As described in Section 1.7 two potentially 
negative consequences of the reverse-phase approach were identified; the potential for 
the resultant granules to possess inferior compaction properties and the potential for a 
higher rate or greater extent of formation of a different solid state form of the drug due 
to increased drug dissolution in the binder liquid. The former was examined in previous 
chapters, where it was shown that granules prepared by the reverse-phase and 
conventional processes had equivalent compaction properties. Therefore, the aim of the 
current study was to compare the rate and extent of the solid state transformation of a 
model drug during the reverse-phase and conventional granulation processes. 
Theophylline was selected as the model drug owing to the fact that the molecule 
undergoes a well characterised transformation from the anhydrous form to the 
monohydrate form during wet granulation processing [1-4]. In-situ Raman spectroscopy 
has been successfully applied to monitor the formation of theophylline monohydrate 
during wet granulation [2, 5] and accordingly this technique was selected as a means for 
investigating any potential differences between the conventional and reverse-phase 
granulation processes. The incorporation of different polymers into the binder liquid has 
previously been reported to inhibit or slow solid state transformations during wet 
granulation processing [6]. Therefore this variable was also studied in order to establish 
whether this inhibition can be leveraged to mitigate any differences in theophylline 
hydration observed between the two granulation processes. 
 
  




7.1 Theoretical and experimental considerations 
 
7.1.1 Polymorphism and pseudopolymorphism 
 
Polymorphism describes the ability of a solid-state crystalline material to exist in 
different lattice structures and/or different molecular conformations without undergoing 
changes in chemical composition [7]. Figure 7-1 presents an example of the different 
solid forms in which a drug substance could exist. When solvent molecules are 
incorporated into the crystal lattice in a stoichiometric or non-stoichiometric manner, 
the resulting structure is designated a solvate, or pseudopolymorph [8]. When the 
solvent in question is water the pseudopolymorph is referred to as a hydrate [7]. When 
the material lacks a crystal lattice structure and is random in terms of both molecular 
packing and conformation it is referred to as amorphous [9]. Polymorphism and 
hydration of drugs is a common occurrence and it is estimated that 80–90 % of organic 
compounds are capable of existing in at least two polymorphic forms [10] and that 
approximately 30 % of pharmaceutical compounds can exist as hydrates [8].  
 
 
Figure 7-1. Representation of different solid forms of a drug substance. Drug molecules 
are represented by (α) and (β) and solvent molecules by (s). Adapted from [9]. 
 
Such solid-state transformations can be induced by the process conditions used to 
manufacture a pharmaceutical dosage form. In particular aqueous wet granulation 
processes are often considered a high risk for solid-state transformations due to the 
mechanical and thermal stresses involved and the exposure to water [11-13]. The 
thermodynamic stability of a given solid-state form is determined by Gibbs’ free 




energy. When considering the relative stability of solid-state forms of the material the 
difference in the Gibbs’ free energy is decisive and is defined as [14]: 
 
                  Equation 7-1 
 
where G is the Gibbs’ free energy, H is the enthalpy which represents the total energy 
of a given phase, T is the absolute temperature of the system and S is the entropy which 
is defined as zero for a completely pure crystalline solid at absolute temperature of zero.  
A plot of Gibbs’ free energy versus temperature is typically used to characterise solid-
state systems. The solid-state form with the lowest Gibbs’ free energy at a given 
temperature is the thermodynamically stable form and the difference in Gibbs’ free 
energy between the current state and the thermodynamically most stable state will 
determine the relative stability of that solid-state form. Often a form other than the 
thermodynamically stable form may be isolated as a result of kinetic trapping of a 






Figure 7-2. Illustration depicting kinetic trapping of metastable anhydrous theophylline 
relative to the thermodynamically stable theophylline monohydrate. 
 
 
Over time a metastable form will transform into the thermodynamically stable form 
with the rate being dependent upon the Gibbs’ free energy difference, the magnitude of 















Consequently an understanding of the multiple solid-state forms that a drug can exist in 
and the conditions under which they can transform between one another is critical to the 
successful formulation of a stable drug product.  
 
The physical properties of the drug can be significantly different between solid-state 
forms. For example monoclinic paracetamol is poorly compressible and has to be co-
processed with carefully selected excipients such as gelatine, PVP and starch to form a 
directly compressible material, however the orthorhombic form is readily compressible 
without further modification [15]. Similarly, Form I carbamazepine and γ-sulfanilamide 
have significantly lower Young’s modulus of elasticity and yield stress than their 
corresponding Form III and β- polymorphs [16]. However, of utmost importance are 
differences in aqueous solubility between solid-state forms, which can result in 
differences in drug bioavailability, efficacy and toxicity [17]. Thermodynamically, only 
the polymorph with the lowest Gibbs’ free energy at a given temperature and pressure is 
stable under those conditions and is characterised by the lowest solubility [7]. Typically, 
a solid having a higher Gibbs’ free energy (i.e. a less stable polymorph) will dissolve 
faster since the release of a greater amount of stored free energy will increase the 
solubility and hence be the driving force for dissolution [18]. Generally the more 
thermodynamically stable polymorph is more chemically stable over the intended shelf 
life of the drug and this has been attributed to the higher crystal packing density and 
optimised orientation of molecules in the lattice structure [18]. Despite these 
considerations there may be occasions where a logical reason exists to formulate a drug 
product with the metastable polymorph, for instance with the intention of conferring 
increased solubility, dissolution rate and bioavailability. In these instances, the 
formulation strategy must ensure that the rate of conversion of the metastable form to 
more thermodynamically favoured forms is controlled. 
 
7.1.2 Theophylline as a model drug 
 
Theophylline is a natural derivative of xanthine, found mainly in tea, which has been 
widely used for the treatment of chronic obstructive pulmonary disease and bronchial 
asthma [19].  It is well known to undergo a solvent-mediated phase transformation from 
the anhydrate to the monohydrate during wet granulation [1-4] and was therefore 




selected as a model drug in the present study. The chemical structure of anhydrous 
theophylline and theophylline monohydrate are shown in Figure 7-3. 
 
 
    
 




Theophylline is known to exist as a monohydrate crystal and four anhydrous forms 
(Form I, II, III and IV). In the context of aqueous wet granulation the anhydrous Form 
II and monohydrate are the two forms of practical interest. The monohydrate has been 
shown to dehydrate to produce anhydrous Form II, which is the most prevalent form 
and has long been considered the only stable form at room temperature [20, 21]. 
Anhydrous Form I is the thermodynamically stable form at elevated temperature and 
has been formed by evaporating a saturated water or methanol solution of theophylline 
at temperatures between 95–117 °C [22-24]. Form III is a highly metastable form which 
readily converts to Form II during storage [25, 26]. Form III has only been observed as 
an intermediate during dehydration of the monohydrate under low pressure or high 
temperature conditions [25, 27] and has not been observed during hydration of the 
anhydrous Form II [28]. Form IV was recently presented as the most 
thermodynamically stable anhydrous form and is produced as a result of a slow, 
solvent-mediated transformation over a period of 2–30 days depending upon the solvent 
system used [29].  
 
The aqueous solubility of anhydrous theophylline and theophylline monohydrate at 25 
°C have been reported as 12.3 mg cm
-3 
[2] and 5.96 mg cm
-3
 [30] respectively. Erratic 
dissolution performance has been reported for anhydrous theophylline tablets stored at 
high relative humidity [31, 32] or prepared by a wet granulation process [33]. In each of 
these cases the erratic dissolution performance was attributed to transformation of the 
anhydrous form to the monohydrate form, which has a slower dissolution rate [34]. 
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The mechanism of theophylline hydration in an aqueous environment has been 
previously investigated [1, 30]. The monohydrate form heterogeneously nucleates from 
the surface of anhydrous theophylline crystals via a surface solution mediated 
transformation [1, 35] to form a channel hydrate [36] with a needle-like habit [3]. The 
transformation can also occur in the solid state under appropriate temperature and 
humidity conditions. Contact mode atomic force microscopy has been used to 
demonstrate that when exposed to elevated relative humidity the surface of anhydrous 
theophylline crystals exhibits enhanced mobility due to the formation of surface 
solution [35]. The critical water activity for the transformation has been reported as 0.62 
[35], 0.64 [20], 0.65–0.70  [29] and 0.79 [37] at 25–30 °C. Dehydration of theophylline 
monohydrate to the anhydrous form has also been investigated. A critical water activity 
between 0.20–0.30 has been reported [37] for theophylline monohydrate dehydration.  
 
7.1.3 Solid state transformation characterisation methods 
 
A wide variety of characterisation methods are available to study drug hydrates, 
including X-ray diffraction, thermogravimetry, differential scanning calorimetry and hot 
stage microscopy. However, each of these methods involves removal of samples, a 
preparation step followed by an analysis off-line. More recently vibrational 
spectroscopy techniques using Near-Infra Red (NIR) and Raman methodology have 
been developed, which allow in situ measurements to be performed while minimising 
process disturbances and eliminating artefacts associated with sample preparation [2]. 
For a vibration to be NIR active the molecule generally possesses a strong dipole 
moment, whereas for a vibration to be Raman active the molecule is generally 
polarisable such that an induced dipole exists. 
 
Differences in the hydrogen bonding network between anhydrous theophylline and 
theophylline monohydrate result in structural differences which have a direct effect on 
the position and intensity of bands in vibrational spectra [37]. NIR has two main 
drawbacks when analysing the hydration of anhydrous theophylline. Firstly, the bands 
in NIR spectra consist of overtones and combinations of fundamental molecular 
vibrations and thus cannot be specifically assigned [38]. Secondly, the differences 
between the anhydrous theophylline and theophylline monohydrate NIR spectra are 
overwhelmed by the presence of water, thus it is not possible to easily follow the 




transformation [2]. Water has a σ-bonded electronic structure with a strong dipole 
moment, hence the vibrations are infrared active, however the electrons are not easily 
polarised and therefore dipole induction is difficult and Raman scattering is weak and 
spectral interference from water is low [39]. Raman spectroscopy can therefore be 
readily used to reveal changes in vibrations of drug molecules during hydrate formation 
[3] and was selected for this study.  
 
The use of Raman spectroscopy has been reported for the study of a range of 
pharmaceutical dosage forms. Examples include the analysis of illicit drugs on the 
surface of paper currency [40], determination of a polymorphic form of tetracaine in 
bioadhesive transdermal patches [41], quantification of bucindolol within gel capsules 
which were inside blister packs [42] and the identification of single tyrosine moiety in 5 
µm spray dried respirable powder containing a mixture of calcitonin and mannitol [43]. 
Raman spectroscopy has also been used to establish the degree of  indomethacin 
crystallinity in tablets [44], the quantification of both captopril and prednisolone content 
in the same tablet [45] and the quantification of the mass [46] and thickness [47] of 
coating applied to tablets.  
 
7.1.4 Raman spectroscopy theory 
 
The Raman effect occurs when a photon from an excitation source (laser) interacts with 
the electron cloud of a molecule to excite it from a ground state to a virtual energy state. 
When the photon is emitted from the molecule it can have a different vibrational state 
resulting in a shift from the excitation frequency. If a sample is irradiated with 
monochromatic electromagnetic radiation (vo) the majority of the radiation is scattered 
elastically (Rayleigh scatter) and the frequency of the scattered light is the same as the 
incident beam. However a small fraction of the radiation, in the order 10
-8
 [48], is 
scattered inelastically (Raman scatter) with a smaller (Stokes radiation) or higher (anti-
Stokes radiation) frequency than the incident beam (vo ± vm). These differences in the 
frequency are called Raman shifts. At room temperature Stokes radiation predominantly 
occurs, and at higher temperatures (e.g. 500 °C) anti-Stokes radiation occurs since 
molecules are already at a higher vibrational state [48]. Figure 7-4 depicts the 
differences between Rayleigh scattering, Stokes radiation and anti-Stokes radiation in 
relation to excitations associated with IR, NIR and fluorescence. 





Figure 7-4. Illustration showing the relative energetic states associated with IR, NIR, 
Raman and fluorescence excitations. Taken from [48]. 
 
A Raman spectrum displays the frequency difference between the excitation source and 
the scattered radiation, expressed as wavenumber (∆v cm-1), versus the intensity of the 
scattered radiation [48]. Raman scattering relies upon: (1) the creation of an induced 
dipole (polarisation) in the molecule; (2) the modification of the dipole by molecular 
vibration; (3) subsequent scattering of a photon from the modified oscillating dipole 
[49]. This has important implications for analysing pharmaceutical formulations. Drug 
molecules frequently contain aromatic conjugated π-bonding systems which show 
strong Raman transitions, whereas excipients tend to be σ-bonded systems and are 
therefore weaker Raman scatterers [50]. Raman spectroscopy can therefore often be 
employed to monitor solid-state transformations of drugs without significant 
interference from excipient components within the formulation. 
 
Since Raman scattering generates weak signals, with intensity inversely proportional to 
the fourth power of the wavelength of the radiation, the use of high-frequency excitation 
sources favours detection of Raman scattering [49]. However, decreasing the 
wavelength of the radiation may cause sample fluorescence. Fluorescence occurs when 
a photon from the laser source excites molecules in the sample to an electronically 
excited state, and then vibrational relaxation results in a photon of longer wavelength 
being emitted [50]. Fluorescence is typically several orders of magnitude stronger than 
Raman scattering and therefore typically obscures Raman bands [51]. For 




pharmaceutical applications wavelengths of 785 nm and 1064 nm have been extensively 
used since these wavelengths are generally too low to electronically excite molecules in 
a sample and therefore fluorescence is typically avoided [50].  
 
7.1.5 Sampling errors in Raman spectroscopy 
 
The problem of ensuring representative sampling is one factor that can limit the 
precision of the quantitative Raman spectroscopic analysis of powders [52]. In 
particular the size of the powder particles relative to the probing laser spot size is 
important. If the spot size is smaller, or similar to, the size of an individual particle there 
is a high probability that only a single component might be detected in a mixture and 
therefore a false representation of the final mixture can be obtained. If the spot size is 
many times larger than the individual particles then the spectrum recorded is an average 
of many particles giving an improved overall indication of the composition. This effect 
has been clearly demonstrated with 50:50 % (w/w) mannitol polymorph samples which 
were sieved to give two sets. Smaller particles <125 µm gave a result of 49.0 ± 1.5 % 
whereas larger particles of 125–500 µm gave a result of 54.2 ± 16.1 % [53].  
 
Static, or single point, measurements have also been cited as a source of sampling error 
[54-56] since the sample size, in terms of the number of particles analysed, is very low. 
One method used to improve the precision is to move the sample, while under the laser 
beam, to obtain an averaged representative spectrum [45, 57]. This effect was illustrated 
in the quantification of ambroxol content (8–16 %) in ambroxol/lactose tablets where 
the variability in the method was over 3-times lower (1.04 to 0.3 %) when the tablets 
were rotated compared to when they were stationary [58]. Another option is to move the 
position of the laser on the sample. Line focus is where mirrors are used to alter the 
points where the laser is focussed on the sample. Alternatively a mirror can be mounted 
on a rotating spindle, at a small angle to the rotation axis, to follow an elliptical path on 
the surface of the sample [59]. Grid sampling, where a small laser spot size is focussed 
over a number of grid locations on the sample by a motorised analyser, is another 
method that can be used for automated mapping to obtain a representative measurement 
[60]. For acetaminophen tablets changing the analysis method from spot (50 µm 
diameter) to line focus, and then to line focus with sample rotation, reduced the standard 
deviation of a standard signal from 13.0 % to 6.0 % to 1.5 % respectively [61]. In the 




case of in-situ monitoring of wet granulation processes representative sampling is built 
into the process since the rotational movement of the impeller passes the sample under 
the laser focal area with high frequency. 
 
Another option to reduce sampling error is to probe larger areas of the sample, rather 
than points or lines, since this maximises the number of particles examined. Wide area 
illumination is one solution where the laser is focussed from a fibre optic bundle with 
long focal length and large spot size. A wide area illumination optic has been employed 
to study poly (vinyl pyrrolidone) content in eyewash solutions contained in low-density 
polyethylene bottles where it was reported that the standard deviation between samples 
was 3.2 % using the wide area illumination approach compared to 32.5 % with a 
standard configuration [62].  
 
7.1.6 In-situ monitoring of wet granulation processes 
 
In-situ monitoring of drug hydration during wet granulation processes has been reported 
for a range of drugs including theophylline [2, 3, 63], caffeine [3, 63], carbamazepine, 
nitrofurantoin and sulfaguanidine [63]. Wet granulation processes represent a unique 
sampling challenge, when compared to liquid or powder samples, since the sample itself 
is prone to adhering to the sampling probe which can result in repeated sampling of the 
same portion of material. When using a stainless steel immersion Raman probe to study 
the effect of impeller speed on the in-situ hydration of anhydrous theophylline it was 
reported that probe design and placement in the granulator bowl were critical to ensure 
representative sampling and prevent sticking of the granulation material to the probe 
[2]. The authors recommended the use of non-contact optics for interfacing Raman 
spectroscopy to wet granulation processes. A commercially available non-contact wide 
area illumination optic is the P
h
AT probe (Kaiser Optical Systems Inc., Ann Arbor, 
Michigan, USA). The performance of the P
h
AT probe has been compared against two 
smaller laser spot sizes, one a contact probe and one a non-contact probe, for the 
monitoring of anhydrous theophylline hydration during a wet granulation process [5]. 
The variability between measurements decreased as spot size diameter increased from a 
60 µm immersion probe to a 150 µm non-contact probe to a 3 mm P
h
AT probe with an 
RSD of 31 %, 12 % and 10 % respectively.  
 




In light of the discussion in this and preceding sections the following sampling 
methodology was selected to monitor the transformation of anhydrous theophylline 
during wet granulation experiments. In-situ sampling of the wet granulation was 
selected to eliminate artefacts associated with sample preparation. In-situ sampling in 
the wet granulation process ensures a continual movement of sample under the laser 
which favours representative sampling. A laser with 785 nm wavelength was selected to 
minimise the potential for sample fluorescence. A non-contact Raman probe was 
selected to eliminate the potential for the wet granules to stick to the probe. A wide area 
illumination probe was selected to increase the probed volume of the sample relative to 
the particle size of the individual components. 
 
7.1.7 Inhibition of solid-state transformations using polymer additives 
 
The transformation of theophylline from the anhydrous form to the monohydrate has 
been shown to be solvent-mediated and to involve three processes [2, 63]; (1) 
dissolution of the less stable phase; (2) nucleation of the more stable phase; (3) growth 
of the more stable phase. The first stage involves the dissolution of the anhydrous form 
which leads to supersaturation of the liquid with respect to the monohydrate form and 
provides the thermodynamic driving force for crystallisation. The second stage involves 
the nucleation of the monohydrate form on the surface of anhydrous crystals. The third 
stage is the growth of the monohydrate form which will deplete the solution 
concentration resulting in further dissolution of the anhydrous form. The monohydrate 
form will continue to grow until all of the anhydrous form has dissolved and the 
concentration of drug in solution reaches the solubility of the monohydrate form. For a 
substance to change the kinetics of the hydration transformation it must affect one or 
more of these three stages. 
 
The transformation kinetics of anhydrous theophylline was studied by monitoring a 
suspension of 20 g water and 1 g anhydrous theophylline [63] where no relationship 
was found between the transformation kinetics and drug solubility or intrinsic 
dissolution rate. In fact, anhydrous theophylline was predicted to dissolve to a 
concentration equivalent to the solubility of the anhydrous form in less than one minute 
(based upon the intrinsic dissolution rate of the anhydrous drug and its initial surface 
area) leading to the conclusion that dissolution of anhydrous theophylline was not the 




rate limiting step in the transformation. This is further supported by the solubility and 
intrinsic dissolution rate of both anhydrous theophylline and theophylline monohydrate 
which were reported to be the same in PVP and HPMC solutions (10 % w/w 
polymer:drug) as in water [6]. Therefore for a polymer to influence the transformation 
kinetics of anhydrous theophylline it must affect either the nucleation or growth stages. 
 
Classical nucleation theory describes homogenous nucleation, however this is unlikely 
to occur in the high-shear wet granulation system due to the potential for secondary 
nucleation on foreign surfaces created by the shear generated within the granulator [6]. 
The crystallisation of theophylline monohydrate has in fact been shown to occur 
heterogeneously on the surface of the anhydrous theophylline crystals [1]. If nucleation 
of the monohydrate is inhibited then crystal growth cannot occur and inhibition of 
crystal growth only becomes important if seed crystals are present. The presence of 5 % 
w/w of theophylline monohydrate seed crystals has been reported to have no effect, 
indicating that transformation to the hydrate is not nucleation rate limited [2]. However, 
conflicting findings have been reported where seeding with 10 % w/w hydrate crystals 
increased the hydration rate by bypassing the nucleation stage [35]. These same 
investigators also reported that grinding of the anhydrous starting material increased the 
hydration rate due to increased surface dislocation which facilitated dissolution, and 
also generated increased nucleation sites. The reported inhibitory effect of polymer 
additives is therefore likely to be as a result of a combination of altered nucleation and 
growth kinetics. 
 
Poly (acrylic acid) (PAA), HPMC, HPC and PVP have all been reported to have 
different levels of inhibition on the hydration of caffeine, carbamazepine and 
sulfaguanidine [64]. No single polymer resulted in complete inhibition of the drug 
hydration, however based upon the chemical structures of the drugs and polymers 
studied it was proposed that a specific hydrogen bonding interaction between the 
polymer and the crystal surface of the drug may be responsible for the inhibition [64]. 
PVP has been reported to inhibit the growth of sulfathiazole crystals through adsorption 
to the surface of the crystal and subsequent formation of a net-like structure [65]. 
Additionally, PVP has been reported to inhibit the crystallisation of amorphous 
indomethacin due to hydrogen bonds formed between the hydroxyl groups of the 
indomethacin and the carbonyl groups of the PVP [66]. Similarly, HPMC has been 




suggested to inhibit the hydration of carbamazepine through hydrogen bonding of the 
oxygen and hydroxyl groups on the cellulose ring of HPMC and the amine and carbonyl 
groups of the carbamazepine molecule [67]. It has been hypothesised that a greater 
amount of hydrogen bonding between the polymer and the crystal surface results in 
greater adsorption of the polymer to the crystal surface and therefore a greater degree of 
inhibition [68].  
 
An alternative mechanism has also been proposed to account for the inhibition of 
theophylline hydration by PVP, where it was speculated that hygroscopic excipients 
may act as desiccants that competitively sorb available moisture [69]. A similar 
proposal was put forward for the highly hygroscopic silicified microcrystalline cellulose 
which inhibited theophylline hydration at low moisture contents, but became saturated 
at high moisture contents when the retarding effect ceased [70]. Moreover these latter 
researchers reported that the non-hygroscopic and highly soluble α-lactose promoted 
theophylline hydration possibly due to the sugar increasing the number of secondary 
nucleation sites. However, Taylor et al [71] have challenged the ‘desiccant mechanism’ 
for open systems where there is a constant supply of moisture in spite of their own 
findings indicating that although PVP became saturated with moisture within a few 
hours, theophylline hydration was still delayed for days. It was suggested that since 
only a small portion of the theophylline is in solution at a given time the PVP to 
theophylline ratio will be high, and combined with the high viscosity of the system, a 
saturated solution of PVP is able to retard hydration, though an exact mechanism was 
not proposed. A separate study considered the effect of several grades of several 
excipients, including PVP, MCC, HPMC, HPC, PEG, PAA and methyl cellulose, on the 
hydration rate of anhydrous theophylline [6]. It was found that excipients which 
retarded hydration in slurry experiments also retarded hydration in granulation 
experiments. Additionally, no difference in retarding effect was observed when the 
excipient was either dissolved in the water, or added dry as a mixture with the drug 
during the granulation process, suggesting that the ‘desiccant mechanism’ may not 
adequately explain the inhibitory effect. 
 
SEM and optical microscopy images have been used to further elucidate the inhibition 
mechanism. In the presence of inhibitory excipients the morphology of the theophylline 
monohydrate was altered [6], since although nucleation was still observed to occur at 




the surfaces of the anhydrous crystal, there appeared to be fewer nucleation sites than 
with excipients that did not inhibit hydration. It was proposed that inhibitory polymers 
adsorbed to the fast-growing surfaces of the hydrate crystal retarding the overall growth 
rate. The morphology changed from needle-like in the absence of polymer to polygon-




Two hypotheses are put forth for the present study. First, in the conventional 
granulation process there is an onset period at the beginning of the process where little 
or no solid-state transformation occurs [5]. The onset time can determine whether the 
transformation occurs within a timeframe which may be of practical concern. For 
example, a drug which undergoes hydration during a wet granulation process with an 
onset time in the order of days may not necessarily present a concern as the granules 
may be dried below some critical water activity as part of normal processing in a much 
shorter time frame. In contrast an onset time in the order of minutes will almost 
certainly be of practical concern during the granulation process and will need to be 
addressed as part of process development. The efficiency of liquid distribution has been 
shown to determine the onset time with a linear relationship between impeller speed and 
onset time being reported for the hydration of anhydrous theophylline in a conventional 
granulation process [5]. In the reverse-phase process, where the drug is immersed in the 
binder liquid, the distribution time is predicted to be much shorter. It is hypothesised 
that the reverse-phase process will therefore have a faster onset time than the 
conventional granulation process. Therefore, the extent of transformation is predicted to 
be the same for the two granulation processes provided the formulation components and 
binder liquid amount are held constant and the process is continued to equilibrium. It is 
acknowledged that under normal operation the granulation process is unlikely to 
proceed to thermodynamic equilibrium and differences in the extent of hydration may 
exist. 
 
Second, it is hypothesised that the incorporation of polymer additives into the binder 
liquid will inhibit the theophylline transformation [64]. It is proposed that this inhibition 
can be leveraged to mitigate the faster onset time expected in the reverse-phase process. 
Water is proposed to represent the worst case from a hydration perspective whereas the 




addition of both PVP and HPMC has been reported to have an inhibitory effect on drug 
hydration [6]. 
 
Accordingly the aim of this study was to use in-situ Raman spectroscopy to compare the 
rate and extent of hydration of anhydrous theophylline during the reverse-phase and 
conventional granulation processes, while evaluating whether manipulation of the 
binder liquid composition might be used to control the transformation profile.  
  




7.2 Materials and Methods 
 
Hydroxyapatite (HA) (TRI-CAL WG
TM
) and poly (vinyl pyrrolidone) (PVP) (Plasdone 
K29/32) were obtained from the suppliers detailed in Section 2.1.1. Hydroxypropyl 
methlycellulose (HPMC) (HPMC-5, Methocel
TM
 grade 40-100) was obtained from Dow 
Chemical Company, Plaquemine, Louisiana, USA. Anhydrous theophylline (CAS 
Number 58-55-9) was obtained from Sigma-Aldrich, St. Louis, Missouri, USA.  
 
To ensure the purchased theophylline was 100 % anhydrous the material was stored in a 
drying oven at 100 °C for 7 d prior to use [2, 72]. Theophylline monohydrate was 
prepared by placing a thin layer of anhydrous theophylline on a Petri
TM
 dish and storing 
over water in a sealed desiccator for 7 d at room temperature [2, 6]. This approach 
minimises any particle size differences between the anhydrous and monohydrate 
samples. Samples were confirmed to be anhydrous and monohydrate material by 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) and 
were further characterized using SEM, laser light scattering and Raman spectroscopy as 
described immediately below. 
 
7.2.1 Thermal behaviour 
 
Thermal behaviour was determined by TGA and DSC (TGA Q500 / DSC Q1000, TA 
Instruments, New Castle, Delaware USA). Samples (~5 mg) were placed in open 
standard aluminium pans (n=3) and heated from 25 to 300 ºC at a rate of 10 °C min
-1
. 
For the TGA analysis the weight change of the sample and the first derivative of weight 
change were collected as a function of temperature. For the DSC the heat flow between 
the sample and the instrument was collected as a function of temperature. 
 
7.2.2 Scanning electron microscopy 
 
SEM images were captured as described in Section 2.1.2.6. 
 
7.2.3 Particle size analysis 
 
Particle size (n=3) was measured by a wet dispersion laser light scattering method using 
a Hydro 2000S (Malvern, Worcestershire, UK). Samples were dispersed in a hexane/0.1 




% polysorbate 80 dispersant using a sonic bath. The pre-prepared suspension was then 
added to a hexane/0.1 % polysorbate 80 solution and size analysis performed with a 
final obscuration range of 16–21 % being attained. Data were analysed using the 
general purpose Fraunhofer diffraction model.  
 
7.2.4 Raman spectroscopy calibration model 
 
Anhydrous theophylline and theophylline monohydrate were mixed in 10 % w/w 
increments to produce 1 g blended samples. All concentrations were prepared in 
triplicate and placed into a sealed glass sample vial. Each sample bottle was then 
opened in turn and placed into a static testing assembly with the Raman probe mounted 
vertically above the sample vial. Raman spectra were collected in triplicate for each 
sample using an RXN2-785 Raman spectrometer (Kaiser Optical Systems Inc., Ann 
Arbor, Michigan, USA) equipped with a P
h
AT probe. A 10–400 mW diode laser at 
784.8 nm was used for excitation and Raman spectra were obtained over a range of 
1890–150 cm-1. Each spectrum was composed of four scans with an exposure length of 




 software (version 4.1; Mettler-Toledo, Columbus, Ohio, USA) was used to 
control the Raman spectrometer. Raman spectra from the iC Raman
TM
 software were 
exported to MATLAB® (Natick, Massachusetts, USA) as .spc format files (Thermo 
Galactic, Salem, New Hampshire, USA) where they were baseline corrected and then 
exported to Microsoft® Excel (Microsoft Corporation, Redmond, Washington, USA) 
for analysis and graph plotting. The resultant Raman spectra were randomly divided 
into a calibration set and an independent test such that a linear plot of the actual versus 
predicted values could be constructed allowing the predictive capability of the model to 
be tested. 
 
7.2.5 Wet granulation 
 
Aqueous granulation binder liquid was prepared by mixing water with either 10 % w/w 
PVP or 5 % w/w HPMC. Following dissolution of the PVP or HPMC, the solution was 
held without agitation for at least 12 h to allow deaeration. Water alone was also used as 
a binder liquid. Granulation experiments were conducted in a 1-L high shear granulator 




(P1-6, Diosna Dierks & Sohne GmbH, Osnabruck, Germany) as shown in Figure 2-1. 
Granules were prepared by both a conventional granulation process and the novel 
reverse-phase granulation process as described below. For each granulation experiment 
in-situ Raman spectra were collected for the duration of the granulation experiments. 
The tip of the Raman P
h
AT probe was placed ~5 cm from the powder surface and the 
position was held constant for all studies using a fixed clamp stand. Raman spectra were 
obtained as described in Section 7.2.4 every 10 s over the duration of the experiments. 
Each granulation experiment was performed in triplicate to assess the variability 
associated with the in-situ Raman monitoring technique. 
 
For the conventional granulation process the 450 g of dry HA powder and 150 g 
anhydrous theophylline powder were added to the granulator bowl and mixed for 30 s 
using an impeller speed of 400 rpm (3.14 m s
-1
 tip speed) and chopper speed of 1000 
rpm  (0.89 m s
-1
 tip speed). Following mixing 200 cm
3
 binder liquid (either water, 10 % 
w/w aqueous PVP or 5 % w/w aqueous HPMC) was sprayed onto the moving powder 
bed through a 65° VeeJet nozzle (SS-650033, Spraying Systems, Wheaton, Illinois, 
USA) at 3 bar pressure. Separate experiments were performed in triplicate using each 
binder liquid. Impeller speed was maintained constant at 400 rpm (3.14 m s
-1
) and 
chopper speed was maintained constant at 0.89 m s
-1 
(1000 rpm) for all experiments. 
Wet massing was performed for 10 s following complete addition of the binder liquid.  
 
For the reverse-phase granulation process the total volume of 200 cm
3
 binder liquid 
(either water, 10 % w/w aqueous PVP or 5 % w/w aqueous HPMC) was added directly 
to the granulator bowl. The binder liquid was mixed for 30 s with an impeller speed of 
400 rpm (3.14 m s
-1
) and chopper speed of 1000 rpm (0.89 m s
-1
). A preblended mixture 
of 450 g of dry HA powder and 150 g anhydrous theophylline was added to the moving 
liquid using a vibratory feeder at a feed rate of approximately 5 g s
-1
 (Syntron F-T0, 
FMC Technologies Inc., Tupelo, MS, USA). Impeller and chopper speeds were 
maintained constant at 400 rpm (3.14 m s
-1
) and 1000 rpm (0.89 m s
-1
) respectively for 
all experiments. Wet massing was performed for 10 s following complete addition of 
the powder. 
 
For both granulation processes the resultant granules were dried as a thin layer in a hot 
air convection oven (Lindberg/Blue, SPX Thermal Solutions, Rochester, New York, 




USA) at 60 ºC for 24 h. A summary of the granulation experimental conditions is 
presented in Table 7-1. 
 
Table 7-1. Summary of conditions in both granulation methodologies for the in-situ 


















 Water    
200 10 % w/w PVP 450 150 3.14 
 5 % w/w HPMC    
 
 
7.2.6 Statistical analysis 
 
Statistical analysis to determine whether significant differences existed between sample 
means was performed as described in Section 2.1.2.8. 
 
  




7.3 Results and Discussion 
 
7.3.1 Thermal behaviour 
 
Thermal behaviour of the anhydrous theophylline and theophylline monohydrate 
samples was determined by TGA and DSC over the temperature range of 25–300 C. 
Representative thermograms for anhydrous theophylline and theophylline monohydrate 
are shown in Figure 7-5 and Figure 7-6 respectively. 
 
 
Figure 7-5. An example thermogram obtained for anhydrous theophylline heated from 
0–300 °C at a rate of 10 °C min-1. 
 
 
Figure 7-6. An example thermogram obtained for theophylline monohydrate heated 
from 0–300 °C at a rate of 10 °C min-1. 




The anhydrous theophylline thermogram (Figure 7-5) shows negligible mass loss up to 
a temperature of 150 C whereas the theophylline monohydrate thermogram (Figure 
7-6) shows a mass loss of ~8.5 % up to a temperature of 100 C. A summary of the total 
moisture loss across the temperature range are shown in Table 7-2. The results are in 
agreement with previously reported values for the anhydrous and monohydrate forms of 
0 % and 9 % w/w [4] respectively. 
 
Table 7-2. Moisture loss for anhydrous theophylline and theophylline monohydrate 
samples when heated from 0–100 °C (n=3). 
Sample Moisture content [%] (SD) 
Anhydrous theophylline 0.05 (± 0.03) 
Theophylline monohydrate 8.56 (± 0.13) 
 
 
Representative DSC profiles for anhydrous theophylline and theophylline monohydrate 
are shown in Figure 7-7 and Figure 7-8 respectively. 
 
 
Figure 7-7. An example DSC profile obtained for anhydrous theophylline heated from 
0–300 °C at a rate of 10 °C min-1. 
 
 





Figure 7-8. An example DSC profile obtained for theophylline monohydrate heated 
from 0–300 °C at a rate of 10 °C min-1. 
 
The DSC profile produced for anhydrous theophylline (Figure 7-7) shows an endotherm 
associated with melt/decomposition of the material at ~272 C [29]. The DSC profile 
obtained for theophylline monohydrate (Figure 7-8) shows merged endotherms in the 
range ~60–90 C associated with dehydration of theophylline monohydrate to the 
anhydrous form [29], and a second endotherm associated with melt/decomposition of 
the anhydrate at ~272 C [29]. The latter endotherm was at a comparable temperature to 
that obtained in the DSC profile for anhydrous theophylline.  
 
7.3.2 Scanning electron micrographs 
 
Images of anhydrous theophylline and theophylline monohydrate samples were taken 
by scanning electron microscopy and representative micrographs are shown in Figure 












A      B 
 
 
Figure 7-9. Representative anhydrous theophylline scanning electron micrographs. A – 
130 x magnification, B – 500 x magnification. 
 
A      B
 
 
Figure 7-10. Representative theophylline monohydrate scanning electron micrographs. 
A – 130 x magnification, B – 500 x magnification. 
 
 
The scanning electron micrographs show that both anhydrous theophylline and 
theophylline monohydrate crystals exhibit characteristic needle morphology [3]. Little 
difference is noted between the physical shape and structure of the anhydrous 
theophylline and theophylline monohydrate crystals indicating that the method of 
hydration did not markedly affect the particle morphology of the samples used for the 
calibration model. 




7.3.3 Particle size distribution 
 
The particle size distribution and volume undersize data of the anhydrous theophylline 
and theophylline monohydrate samples are shown in Figure 7-11. These data show that 
the method of hydration employed did not influence the particle size distribution of the 
samples used for the calibration model. 
 
 
Figure 7-11. Particle size distribution plot for anhydrous theophylline and theophylline 
monohydrate calibration samples. Mean of n=3, error bars not shown as they obscure 
the data. 
 
7.3.4 Calibration model 
 
The intensity of the observed Raman signal can alter because of small changes in 
instrument and sample preparation parameters (e.g. laser power, sampling position 
relative to focus of the laser, etc) and as a result absolute Raman intensity is rarely used 
for quantitative analysis. This challenge was addressed in the present study by 
measuring the height of bands of interest in the sample relative to the height of other 
bands in the sample, since the intensity of each will increase or decrease in concert if 
experimental conditions change. Similar univariate calibration models based upon 
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of carbamazepine [73], L-glutamic acid [74], flufenamic acid [75] and risedronate 
sodium [76].  
 
Figure 7-12 shows the complete Raman spectra of 100 % anhydrous theophylline, 100 
% theophylline monohydrate and the difference in spectral intensity between the two. 
Clear differences are observed indicating that Raman spectroscopy can be used to 
monitor the transformation of anhydrous theophylline into theophylline monohydrate. 
 
 
Figure 7-12. Raman spectrum of 0 % and 100 % w/w theophylline monohydrate, also 
showing the intensity difference between the two forms over the 0 – 2000 cm-1 range. 
 
Two peaks in anhydrous theophylline at 1665 and 1707 cm
-1
 are replaced with a single 
peak in theophylline monohydrate at 1688 cm
-1
, both associated with the C=O 
vibrations in the theophylline molecule [2, 3] The use of these peaks to monitor the 
transformation has been reported previously [2, 35] and this approach was therefore 
selected in the present study to construct a univariate calibration model. Figure 7-13 
shows the 1640–1740 cm-1 spectral region of interest. Figure 7-14 shows the 1640–1740 
cm
-1
 spectral region for 100 % anhydrous theophylline and 100 % theophylline 
monohydrate along with the Raman spectra for HA, PVP and HPMC. It is evident that 
there is no significant interference from the excipients in this spectral region, therefore 
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the changes in peak height ratios should feasibly be converted to percent theophylline 
monohydrate using appropriate calibration data. 
 
 
Figure 7-13. Raman spectrum of 0 % (i.e. 100 % w/w anhydrous theophylline), 50 % 




Figure 7-14. Raman spectrum for anhydrous theophylline, theophylline monohydrate, 
hydroxyapatite, poly (vinyl pyrollidone) and hydroxypropyl methylcellulose showing the 
1640–1740 cm-1 calibration range. 
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The samples prepared in Section 7.2.4 were analysed using the Raman spectrometer and 
a univariate calibration model for the quantification of theophylline monohydrate was 
constructed. The data were well described with an exponential best fit curve (R
2
 of 
0.9895) (Figure 7-15). The calibration model was used to predict the theophylline 
monohydrate content in the independent test set. The actual versus predicted plot using 
the calibration model is shown in Figure 7-16. An R
2 
of 0.9903 was obtained indicating 
that the Raman spectroscopy model can adequately discriminate between the anhydrous 
and monohydrate forms of theophylline over the entire concentration range. 
 
 
Figure 7-15. Calibration plot for Raman spectroscopy peak height ratios of 
theophylline monohydrate at 1688 cm
-1
and anhydrous theophylline at 1665 and 1707 
cm
-1
. Data points correspond to individual sample measurements, (n=9). 
 
 
y = 0.2144e0.0288x 
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Figure 7-16. Actual versus predicted plot for theophylline monohydrate univariate 
calibration model. 
 
7.3.5 Effect of granulation process on theophylline hydration 
 
The transformation profiles which compare the appearance of theophylline 
monohydrate for the reverse-phase and conventional granulation processes are 
presented separately for each binder liquid composition (water in Figure 7-17, 10 % 
w/w PVP in Figure 7-18 and 5 % w/w HPMC in Figure 7-19) to allow direct comparison 
of the two different granulation processes. Error bars are not presented in the figures 
since they obscure the data, however in all cases the 1 SD error bars overlap for the 
conventional and reverse-phase processes at all time points.  
 
y = 0.9899x + 0.7207 
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Figure 7-17. Plot of theophylline transformation profile using water as the binder 




Figure 7-18. Plot of theophylline transformation profile using 10 % w/w PVP as the 
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Figure 7-19. Plot of theophylline transformation profile using 5 % w/w HPMC as the 
binder liquid. Mean line displayed (n=3). Error bars not shown. 
 
All transformation profiles are characterised by an onset period where little, or no, 
transformation was observed following the addition of binder liquid (at time zero). The 
onset period (defined presently as the duration taken to reach 5 % hydration) is 
associated with water distribution, wetting of theophylline and the initial dissolution 
stage [6] which is facilitated by an increase in impeller speed [2]. The onset period was 
followed by transformation of the anhydrous form to the monohydrate, where a steeper 
slope indicates a faster transformation rate. As the granulation process progressed the 
rate of hydration slowed in all cases with water reaching a relative plateau, however 
both the PVP and HPMC experiments did not reach equilibrium during the duration of 
the studies. 
 
The onset time (tonset), the duration to reach 35 % theophylline hydration (t35%) and the 
maximum theophylline monohydrate content reached (hmax) are summarised in Figure 
7-20. No differences (p >0.10 Wilcoxon) are observed between the granulation 
processes for the tonset, t35% or hmax. These data indicate that the reverse-phase process 
does not result in an increase in the rate or extent of theophylline hydration when 
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The similarity in tonset between the reverse-phase and conventional granulation 
processes does not support the hypothesis that the reverse-phase process has a faster 
onset time. This is likely explained by the fact that the transformation proceeds by a 
surface-mediated solution mechanism where monohydrate molecules heterogeneously 
nucleate on the surface of the anhydrous crystals. Nucleation of the monohydrate occurs 
once the liquid is supersaturated with respect to the monohydrate. According to Noyes-
Whitney dissolution theory [77] a diffusion layer exists at the surface of the anhydrous 
theophylline crystal. In the very early stages of the reverse-phase granulation process 
the excess of binder liquid will represent sink conditions and diffusion of the dissolved 
theophylline will be possible which may in theory prolong the onset time. Given an 
aqueous solubility of theophylline monohydrate of 5.96 mg cm
-3
, binder liquid volume 
of 200 cm
3
 and an addition of a 25 % w/w anhydrous theophylline powder blend at a 
rate of 5 g s
-1
 a sufficient quantity of anhydrous theophylline will be added in <1 s to 
saturate the liquid with respect to the monohydrate. When considering the conventional 
granulation process an excess of anhydrous theophylline is present with respect to the 
sprayed binder liquid volume for the entirety of the process and saturation is possible 
from the initiation of the process.  
 
Both processes reach a point where saturation of the liquid with respect to the 
monohydrate is possible in <1 s compared to onset times between 70–400 s depending 
upon the binder liquid composition. Therefore, other factors such as wetting of the 
anhydrous theophylline with binder liquid, dissolution of the anhydrous theophylline 
and nucleation of the monohydrate on the surfaces of the anhydrous theophylline 
crystals are likely contribute to the onset time. Since common batches of anhydrous 
theophylline and binder liquid were used in the present study the wetting properties, 
particle size distribution and surface area can be assumed to be constant. Therefore, the 
wetting rate, dissolution rate and nucleation rate are likely to be similar for the reverse-
phase and conventional processes resulting in the observed similarity in onset time. 
  







Figure 7-20. Plots of theophylline hydration parameters as a function of granulation 
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A surface mediated transformation using water as the binder liquid would be predicted 
to proceed until the saturation of the liquid equals the solubility of theophylline 
monohydrate (5.96 mg cm
-3
). The present study employed 200 cm
3
 of binder liquid 
meaning 1.19 % of theophylline would be predicted to remain in solution if the 
granulation process was continued to a point of equilibrium, i.e. a hydration extent of 
98.81 %. In all cases however, an approximate plateau in hydration was reached at a 
point well below 100 % hydration. A number of factors may account for this 
observation.  
 
First, an excess of anhydrous theophylline exists with respect to the quantity of binder 
liquid in both the conventional and reverse-phase granulation processes. The anhydrous 
theophylline present may act as seed crystals and promote crystallisation of the 
anhydrous form from the saturated solution rather than the monohydrate. This would 
contribute to a decreased extent of hydration. A similar effect has been reported during 
crystallisation studies of the Form I and Form II crystals of paracetamol from acetic 
acid solutions. When using an excess of acetic acid Form II is produced with ~95 % 
yield, however when using a saturated acetic acid solution where undissolved 
paracetamol Form I crystals were present Form I is produced with 100 % yield [78]. 
 
Second, crystallisation of theophylline monohydrate has been shown to occur through 
an epitaxial heterogeneous nucleation on the surface of the anhydrous theophylline 
crystal. This mechanism has been shown to hinder dissolution at the anhydrous crystal 
surface since a layer of the thermodynamically stable monohydrate is formed [1] which 
acts to inhibit the transformation. Finally, the use of high power lasers can result in 
sample heating due to absorption of radiation over time [48]. Dehydration of easily 
dehydrating materials has also been reported with the use of lasers [79]. Both of these 
observations could result in a conversion of the theophylline monohydrate back to the 
anhydrous form during the granulation process. However, since the rotational nature of 
the granulation process continually recycles fresh material through the laser this 
mechanism is thought unlikely. The probed volume using the 3 mm spot size has been 
estimated as 14.1 µL [5], whilst the wet granule volume will be ~250 cm
3
 assuming a 
density of 1.74 g cm
-3
. The probed volume would therefore represent approximately 
0.056 % of the total granulation volume suggesting that the probability of the same 




portion of material experiencing localised heating, evaporation and transformation back 
to the anhydrate is likely to be remote. 
 
The resultant granules from each experiment were dried in a convection oven for 24 h at 
60 °C (Section 7.2.5). Following drying, triplicate samples of ~1 g were analysed, each 
in triplicate, using a static Raman spectrometry method (Section 7.2.4) to quantify the 
theophylline monohydrate content. The theophylline monohydrate content results for 
each of the granulation experimental conditions are summarised in Table 7-3. In all 
cases theophylline monohydrate formed during the granulation process was transformed 
back to anhydrous theophylline with the granulation process and binder liquid 
composition having no significant effect (ANOVA p >0.05). The transformation from 
the theophylline monohydrate to anhydrous theophylline as a result of heating is 
consistent with previously reported findings where the stepwise dehydration of 
theophylline monohydrate was monitored by NIR spectroscopy and it was reported that 
fluid bed drying at temperatures below 40 °C resulted in the evaporation of free water, 
while drying above 40 °C caused dehydration of the lattice-bound water [80]. The fact 
that between 5.7–6.6 % of theophylline monohydrate remained in the present 
experiments after 24 h of drying at 60 °C is likely explained by the fact that the drying 
temperature used was slightly below the previously reported dehydration transition 
temperatures of 63.4 ± 0.4 °C [81] and 63.8 ± 1.3 °C [82].  
 
Table 7-3. Summary of theophylline monohydrate content in granules dried for 24 h at 









Water 6.6 ± 0.59 
10 % w/w PVP 6.4 ± 0.46 
5 % w/w HPMC 6.4 ± 0.63 
Reverse-Phase 
Water 6.6 ± 1.42 
10 % w/w PVP 5.7 ± 1.25 
5 % w/w HPMC 6.2 ± 0.84 
 
 




7.3.6 Effect of binder liquid composition on theophylline hydration 
 
The transformation profiles comparing the binder liquid composition are presented for 
the conventional (Figure 7-21) and reverse-phase (Figure 7-22) granulation processes 
separately to allow direct comparison of the binder liquid composition effects (re-plots 




Figure 7-21. The effects of binder liquid composition on the percentage transformation 
of theophylline from the anhydrous form to the monohydrate expressed as a function of 
time, as generated using the conventional granulation process. Mean line displayed 
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Figure 7-22. The effects of binder liquid composition on the percentage transformation 
of theophylline from the anhydrous form to the monohydrate expressed as a function of 
time, as generated using the reverse-phase granulation process. Mean line displayed 
(n=3). Error bars not shown. 
 
Differences are observed when comparing the effects of the different binder liquids 
(Figure 7-20, Figure 7-21 and Figure 7-22). When considering tonset and t35% differences 
are observed between each of the binder liquids (p <0.10 Wilcoxon). In the case of hmax, 
water and 10 % w/w PVP are similar (p >0.10 Wilcoxon), however 5 % w/w HPMC 
results in a significantly lower result (p <0.10 Wilcoxon). The use of water resulted in 
the fastest tonset, t35% and greatest hmax, whilst when 10 % w/w PVP was incorporated 
then an intermediate performance was obtained whereas replacement with 5 % w/w 
HPMC provided the slowest tonset, t35% and lowest hmax. These results are consistent with 
the rank order reported previously for the effect of water, PVP and HPMC on 
theophylline hydration where it was postulated that the more hydrophilic the polymer 
the greater the inhibitory effect on the transformation [6].  
 
The role of hydrogen bonding in inhibiting solid-state transformations has been 
suggested to be of importance in a number of previous studies [65-68] but detailed 
mechanistic explanations are still lacking. The inference that hydrogen bonding is 
important is based upon the nature of the chemical structures of theophylline, PVP and 




































Reverse-Phase - HPMC 
Reverse-Phase - PVP 
Reverse-Phase - water 




hydrogen bond acceptors since there are two acidic hydrogen bond donors (the 
imidazole NH and =CH groups) and three acceptors (the two coordinate imidazole N 
and two carbonyl O atoms, both of which can accept two hydrogen bonds). The two 
hydrogen bond donors interact with two of the acceptors to form hydrogen bonded 
bilayers in anhydrous theophylline, with this structural arrangement forming crystals 
with a high aspect ratio with the third hydrogen bond acceptor being exposed on the 
largest face of the crystal [83]. In the case of theophylline monohydrate the water 
molecule satisfies the deficiency of hydrogen bond donors and a corrugated packing 
structure results such that =CH and CH3 groups are exposed [83] and hydrogen bond 
acceptor sites are inaccessible.  
 
It has been suggested that interactions between the drug and polymer additives lowers 
the nucleation barrier and promotes crystallisation of the thermodynamically less stable 
form [28]. In the context of the present study it is proposed that hydrogen bond donors 
present in the polymer interact with the exposed hydrogen bond acceptors of the 
theophylline molecule acting to reduce the free energy of the system and promote 
crystallisation of the metastable anhydrous form. The exposed hydrogen bond donor 
groups on the polymer can be considered to act as a template for selective growth of the 
metastable anhydrous form [83]. In this sense the hydrogen bonds donors present in 
water molecules and the dissolved polymer compete for the exposed hydrogen bond 
acceptor sites of the theophylline molecule. One can therefore rationalise that a polymer 
which acts as a stronger, or orientationally favoured, hydrogen bond donor than water 
will have an inhibitory effect on hydration. This description explains the observed 
similarities in hmax between water and 10 % w/w PVP conditions. PVP has two 
hydrogen bond acceptor sites but no donor sites (Figure 7-23b) and therefore does not 
compete with water molecules for the hydrogen bond acceptor sites on the anhydrous 
theophylline. As a result the extent of hydration is similar between water and PVP.  
 
  





(a) Anhydrous theophylline. 
 
 
(b) Poly (vinyl pyrrolidone). 
 
 
(c) Hydroxypropyl methylcellulose. 
Figure 7-23. Chemical structures of (a) anhydrous theophylline, (b) PVP and (c) 




This description however does not explain the observed differences in tonset, and t35% 
between the water and 10 % w/w PVP experiments. Based on the preceding argument 
PVP should not compete with water for the acceptor sites and should therefore have no 
inhibitory effect. Since the extent of hydration (hmax) is similar for both conditions it is 
proposed that PVP has a physical effect on the rate of hydration rather than a chemical 
effect. First, PVP can form hydrogen bonds with water molecules thereby restricting the 
availability of free water molecules to participate in the hydration. Second, it is feasible 
that the increase in viscosity caused by the addition of PVP slows the migration and 
orientation of water molecules [71]. The viscosity of water is 1 mPa.s whereas the 




viscosity of 10 % w/w PVP is 6.86 mPa.s (Section 4.2.1). The increased viscosity of the 
PVP liquid binder likely contributed to a reduced rate at which hydrogen bonds are 
formed with the exposed acceptor sites on the theophylline molecule. By the same 
mechanism the viscosity of the PVP can also reduce the diffusivity of the solute 
molecules which will also act to slow the hydration rate. This hypothesis could be 
explored using a range of aqueous PVP solutions of varying concentration such that the 
hydrogen bond donor contribution is held constant but the viscosity is varied.  
 
In contrast to PVP, the HPMC polymer molecule (Figure 7-23c) has three potential 
donor sites associated with the three ether groups, though the exact number of donor 
sites depends upon the nature of the ether substitutions since only hydrogen or 
hydroxypropyl groups will act as donors and the methyl substitution will be inactive. 
HPMC therefore competes with water molecules for the acceptor sites on the 
theophylline molecule and acts to inhibit transformation to the monohydrate. This 
mechanism does have the potential for HPMC to form a protective boundary at the face 
of the anhydrous crystal where the interior of the HPMC will form hydrogen bonds with 
the anhydrous crystal and the exterior will form hydrogen bonds with water molecules.  
 
It is noted that the inhibition by HPMC is partial. Two mechanisms are proposed. 
Firstly, HPMC is a variable hydrogen bond donor, depending upon the exact ether 
substitution groups present, which will result in a variable degree of competition with 
water molecules for acceptor sites on the theophylline molecule and consequently some 
degree of hydration will occur. Secondly, HPMC is a long chain polymer that is many 
times larger than water and theophylline molecules. Optimised organisation of a 
hydrogen bond network between HPMC molecules and theophylline molecules is likely 
to be sterically hindered such that space exists for water molecules to also interact and 
form the monohydrate.  
 
As with PVP it is noted that the rate of the transformation is also slowed by the use of 
HPMC. While the viscosity mechanism discussed earlier is likely to contribute to this 
slower rate so will the proposed hydrogen bonding mechanism. The discussion 
presented here thus far has considered only the largest face of the anhydrous 
theophylline crystal, where the available hydrogen bond acceptor carbonyl group is 
located. The other faces of the crystal which do not have an exposed acceptor site will 




not be subject to the polymer inhibition mechanism and dissolution and subsequent 
nucleation of the monohydrate form will proceed uninhibited on these faces. In the case 
of anhydrous theophylline these faces represent a smaller fraction of the surface area 
and therefore the rate of hydration is slowed.  
 
Given sufficient time, a complete transformation to the monohydrate will likely occur if 
one assumes that the theophylline-HPMC hydrogen bonded species is not more 
thermodynamically stable than the theophylline monohydrate solid state. However, in 
the present experiment complete hydration was not observed owing to the duration of 
the granulation experiment. The decreased transformation rate resulted in a decreased 
extent of hydration at the termination of the 20 min experiment relative to water and 
PVP. In light of this it should be considered that the concept of inhibiting theophylline 
hydration is relative to the duration that the molecules are exposed to a condition greater 
than the critical water activity, Therefore, the use of an optimised polymer binder might 
slow the rate of theophylline transformation such that negligible transformation occurs 
before drying of the granules and accordingly, it can be considered to have inhibited the 
transformation for the duration of the granulation process. This approach would 
obviously require extensive process development to understand the impact of variables 
such as temperature changes during the course of the granulation process and the effect 
of dissolution of other components of the formulation. 
 
The findings reported herein provide further insight into the inhibition of anhydrous 
theophylline transformation. While complete inhibition of the transformation was not 
achieved it was possible to demonstrate a degree of inhibition using HPMC. Based upon 
the discussion presented one can postulate that improved inhibition may be possible 
with a polymer, or other similar additive, which: 1) acts as a stronger hydrogen bond 
donor than HPMC and/or 2) is less sterically hindered than HPMC such that favoured 
hydrogen bond orientation with the exposed hydrogen bond acceptor on the surface of 
anhydrous theophylline is possible. It would also be of interest to study the effect of the 
viscosity/concentration of such an additive to determine whether a physical slowing of 
the transit of water molecules to the crystal surface could negate a potentially slower 
orientation of the additive to form hydrogen bonds.  






In situ Raman spectroscopy was used to monitor the hydration of theophylline during 
both the conventional and reverse-phase granulation processes. The effect of using 
water, 10 % w/w PVP or 5 % w/w HPMC binder liquid composition was also evaluated. 
The conventional and reverse-phase granulation processes were similar in terms of the 
onset time, duration to reach 35 % hydration and the maximum hydration extent 
reached indicating that the differences in the granulation mechanism do not increase the 
risk of a solid-state transformation for anhydrous theophylline. When considering the 
effect of binder liquid composition on the rate of hydration the following rank order was 
established for hydration rate parameters (tonset and t35%): water > 10 % w/w PVP > 5 % 
w/w HPMC. The decreased rate of hydration in the presence of either of the two 
polymers was proposed to be primarily due to viscous forces in the case of PVP and 
competition for hydrogen bond sites in the case of HPMC. In terms of the maximum 
hydration extent reached (hmax) water and 10 % w/w PVP performed similarly, however 
5 % w/w HPMC resulted in a significantly lower hydration extent. The decreased extent 
of hydration associated with HPMC, and relative lack of effect associated with PVP, 
was in agreement with the theory that for the polymer binder to have an inhibitory 
effect on the extent of theophylline transformation it must act as a hydrogen bond donor 
to compete with water for the excess acceptor sites present on the theophylline 
molecule. 
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8 General discussion 
 
8.1 Motivations for the present study 
 
As discussed in Chapter 1 wet granulation is a common agglomeration technique used 
in the manufacture of tablets to enhance the flow, homogeneity and compaction 
properties of the powder blend and a large body of literature exists in the field in 
support of these conferred advantages. The first reports on the topic date back to 1958 
[1], and since this time the state of thinking has gradually progressed from viewing the 
technology as an art form to treating it as a science and engineering based phenomena 
where outcomes can be predicted based upon control of formulation and process 
variables.  
 
During this transition in thinking many researchers have highlighted the relative risks of 
uncontrolled granule growth associated with the conventional granulation approach, in 
particular, the need for tight control over binder liquid addition has been emphasised [2, 
3]. Most recently this has taken the form of the nucleation regime map [4], which 
considers the binder liquid addition conditions [5] and the time taken for the binder 
liquid to penetrate the powder [6, 7]. Both of these approaches are predicated on the fact 
that, by design, the conventional granulation process proceeds in the direction of 
increased liquid saturation [8, 9], through addition of a binder liquid to a moving 
powder bed, and therefore progresses in a direction that increases the risk of 
uncontrolled granule growth.  
 
While the  practical benefits of quantifying liquid coverage relative to powder flux have 
been acknowledged [10] a number of concerns have been raised with the dimensionless 
spray flux and nucleation regime map approaches, and the questionable assumption that 
granules are optimally formed by a drop controlled nucleation process. Practical 
limitations in achieving a drop controlled nucleation regime during scale up to 
commercial scales have been highlighted, such as the need to either decrease volumetric 
binder liquid flow rate or increase impeller tip speed, both of which have significant 
effects on granule consolidation and growth, or the need to install an impractical 
number of spray nozzles into the granulator to achieve the required dimensionless spray 




Some authors have even argued that binder liquid addition conditions are not critical 
[11] and that granule growth is mainly affected by the binder liquid amount and the 
mixing conditions which subsequently break the initial nuclei and distribute the binder 
liquid by mechanical dispersion [3, 12, 13]. These arguments led to the conception of 
the reverse-phase granulation process, where the powder formulation is added to the 
agitated binder liquid to create saturated moist granules, which undergo breakage during 
the course of the process allowing binder liquid to be dispersed throughout the powder 
by mechanical distribution. Advantages of the reverse-phase process include 
elimination of process variables associated with binder liquid dimensionless spray flux, 
since the process would follow an immersion mechanism, and the fact that as the 
reverse-phase process progresses the liquid saturation decreases, thus moving away 
from potential over-wetting, uncontrolled growth and batch loss.  
 
8.2 Overview of thesis findings 
 
It was hypothesised that for the reverse-phase granulation process control of a few 
simple variables (binder quantity, binder viscosity and impeller speed) might be 
sufficient to form granules with the desired properties whilst eliminating the risk of 
uncontrolled growth and batch rejection. Achieving this goal would represent 
significant advantages over the conventional granulation process, however, two 
potentially negative consequences of the reverse-phase approach were acknowledged; 
the potential for the resultant granules to have inferior compaction properties and the 
potential for the increased rate or extent of formation of a different solid state form of 
the drug due to increased drug dissolution in the binder liquid.  
 
The consolidation behaviour, and therefore density and porosity, of granules produced 
by a given granulation system determines to a large extent the growth and breakage 
behaviour, therefore understanding this behaviour is fundamental to characterising the 
reverse-phase wet granulation process. First powder pycnometry was evaluated as an 
alternative method for the measurement of granule envelope density since it offers 
safety, cost and cycle time advantages over the traditionally used mercury porosimetry 
method (Chapter 2). Since such a powder pycnometry method had been shown 
previously to be robust for envelope density measurement of larger solids [14, 15] and 




considered a promising technique. However, evaluation of the appropriateness of the 
method for the latter smaller size granules, and the experimental procedure, had not 
been previously reported and concerns existed as to whether the packing behaviour 
between the displacement media and the sample particles of a similar size would be a 
significant limitation in the method [20].  
 
It was demonstrated here that the proposed limitations in the powder pycnometry 
method for granules with a narrow size fractions did exist when considering samples 
prepared with narrow size fractions with a sieve diameter <1850 µm. The limitation was 
proposed to be related to the decrease in packing density between the displacement 
media and the granules as the size difference between the two decreased. However, it 
was demonstrated that when using the un-sieved polydisperse granule samples the 
limitations were mitigated and the method could be calibrated against the reference 
mercury porosimetry method with a linear regression fit (R
2
) of 0.9029. These findings 
are of particular significance for two reasons. First, the results call into question the 
granule porosity data for granules of small and narrow size fractions reported in 
previous studies [16-19]. Second, the results support the use of the method for 
polydisperse granule samples, such as those used in the present studies, which allows a 
much faster, cheaper and safer approach to gain further insight into the consolidation 
mechanisms during wet granulation processes.  
 
The ultimate goal of the wet granulation process is to form granules of the desired 
properties that can be formed into tablets. In order to achieve this a drying step must be 
performed to reduce the moisture content of the wet granules to a desired endpoint, after 
which they will likely be stored under some range of temperature and humidity 
conditions, before being compressed. Few studies dealing with the compaction 
properties of HA have previously been reported, while the effects of moisture have 
received even less attention, and both were therefore studied (Chapter 3). When 
compared to other pharmaceutical materials, HA was shown to have a low 
compressibility and high compactibility, while moisture affected both differently. An 
increase in moisture had a plasticising effect thereby increasing the compressibility, but 
also acted to reduce the strength of interparticulate bonds resulting in reduced 
compactibility, with the net effect of these interactions being a reduction in the tablet 




to the need to ensure HA samples were stored under known and monitored relative 
humidity conditions prior to performing mechanical properties tests such as HA granule 
strength (Section 5.1.3) and HA granule compaction and tensile strength testing 
(Section 5.1.4). 
 
As stated previously, it was hypothesised that the reverse-phase process could be 
controlled by understanding the effects of binder liquid content (liquid saturation), 
binder liquid viscosity and impeller speed on the granule size and porosity. Evaluation 
of these variables was performed in two parts. First, the effects of liquid saturation and 
binder liquid concentration were studied (Chapter 4) and second, the effects of impeller 
speed and binder liquid concentration were studied (Chapter 5) with both studies 
comparing the properties of the granules obtained from the reverse-phase process to 
those produced by the conventional process. The findings from these studies support the 
original hypothesis that the reverse-phase process is a feasible option to form 
pharmaceutical granules equivalent, if not superior, to the conventional granulation 
process. The main mechanism for granule formation in the reverse-phase process was 
shown to be breakage of large saturated agglomerates, with binder liquid being 
dispersed throughout the powder formulation by mechanical distribution. This finding is 
in agreement with previous findings [3, 12, 13] and indicates that the assumption that 
the granulation process must proceed under a drop controlled nucleation regime [4] to 
achieve tight control over granule size is not universally true.    
 
The granule size resulting from the reverse-phase process appeared to be predominantly 
influenced by capillary forces whereas the granule size from the conventional process 
was influenced by viscous forces. These observations are likely to be associated with 
the immersion mechanism of the reverse-phase process which was proposed to allow 
more complete and consistent wetting of intraparticulate capillaries of the HA powder 
particles. The conventional process was thought to reach a less complete and variable 
degree of capillary wetting which was dependent upon factors including process 
duration, particle size and pore structure, which would result in variable quantities of 
binder liquid being present on the surface of the granules. This difference is likely to 
have contributed to the reverse-phase process being less sensitive to extremes of binder 




This effect was most easily seen as induction growth behaviour for the conventional 
process versus steady growth behaviour in the reverse-phase process. 
 
A key implication of these findings is that the nucleation regime map, while 
conceptually interesting, fails to be practically relevant. One probable reason for this is 
that the nucleation regime map was constructed using a regime separated approach, i.e. 
nucleation only, where binder liquid were sprayed in very small quantities (i.e. very low 
liquid saturation) onto static powder beds [4]. Such powder beds were never passed 
under the spray zone again and were never subjected to any impact forces associated 
with the movement of an impeller. The powders were then dried and the resultant nuclei 
recovered and characterised. Practically speaking this does not represent the actual 
conditions taking place in a wet granulator where the liquid saturation is much higher, 
the powder frequently passes through the spray zone where it is re-wetted, while also 
being subjected to forces associated with impact with other granules, the impeller blade 
and the granulator bowl.  
 
One readily identifiable failure of the nucleation regime map is that it does not consider 
liquid saturation. As an example one could operate in the drop controlled nucleation 
regime but simply add sufficient binder liquid to achieve a liquid saturation >1, and 
regardless of whether individual nuclei were initially formed a multi-modal particle size 
distribution, or state of uncontrolled growth, will likely result. Additionally, the 
nucleation regime map depicts the regime as being dependent upon the drop penetration 
time, where this parameter is presented as being constant for a given formulation, 
depending upon various physicochemical properties of the powder and liquid. However, 
it has been shown that the moisture content of the powder bed affects the drop 
penetration time with pre-wetted powders always having faster penetration times than 
dry powders [21]. Consequently, it is likely that the nucleation regime map boundaries, 
which were based upon the behaviour of dry powders having relatively longer drop 
penetration times, are likely much broader and forgiving when considering the pre-
wetted powders that are present in an actual granulation process.  
 
From a practical standpoint the consolidation and growth of granules formed by the 
reverse-phase process were described by their degree of liquid saturation (Chapter 4), 




deformation number (Chapter 5). These findings support the initial hypothesis that the 
reverse-phase process could be controlled by manipulating the binder liquid content and 
impeller speed. However, it was concluded that the binder liquid viscosity, which was 
initially hypothesised to be an important variable in the control of the reverse-phase 
process, had negligible effect over the range studied. This is thought to be due to the 
fact that while the viscosity range studied was practically relevant for commercial 
formulations it was narrow (6.86–33.70 mPa.s) compared to previously reported studies 
(e.g. 1–650 mPa.s) which were consulted when forming the original hypothesis. The 
lack of effect of binder liquid viscosity allowed the general simplification that the 
reverse-phase process was dependent upon two main variables: liquid saturation and 
Stokes deformation number, and could therefore be summarised by applying the growth 
regime map which was initially developed for the conventional granulation process 
(Chapter 6).  
 
The growth regime map provided a useful directional tool to aid formulation and 
process development and essentially showed two simple relationships. First, an increase 
in binder liquid content results in a shift from dry powder, to nucleation, to growth, to 
slurry regimes. Second, an increase in impeller speed results in a shift from growth to 
breakage. These observations could potentially be predicted without the application of 
the growth regime map since the HA formulation used in these studies is practically 
insoluble in water and can therefore be treated as a constant during the granulation 
process. In contrast previously reported growth regime maps for conventional 
granulation studies employed powders that were soluble, to some extent, in the binder 
liquid. The solubility gives rise to a dynamic situation where powder dissolution can 
change multiple variables such as the viscosity of the binder liquid, the surface area of 
the powder and the relative ratio of solid to liquid, all of which will create a much more 
complex growth regime map.  
 
While the results presented highlight both the feasibility and advantages of the reverse-
phase granulation process, two potentially negative consequences associated with the 
approach were addressed: first, the potential for the resultant granules to have inferior 
compaction properties and second, the potential for the increased rate or extent of 
formation of a different solid state form of the drug due to increased drug dissolution in 




the reverse-phase process were shown to be similar to those prepared using the 
conventional granulation process (Chapter 5). While although the reverse-phase process 
did result in granules of greater strength than the conventional process, the typical 
compaction pressures used to form tablets were orders of magnitude greater resulting in 
the differences being overwhelmed.  
 
Moreover, when comparing the reverse-phase and conventional granulation processes 
no differences were observed in the rate or extent of hydration of the model drug 
anhydrous theophylline (Chapter 7). The latter results demonstrate that the immersion 
mechanism and elevated liquid saturation associated with the early stages of the 
reverse-phase process are not necessarily a cause for concern with respect to solid state 
transformations of the drug, though this should be evaluated on a case by case basis. 
The study was focussed on comparing the differences in the rate and extent of 
anhydrous theophylline between the two granulation processes, with the hypothesis that 
the reverse-phase process would result in a faster rate and greater extent of hydration. 
Based upon this hypothesis different polymer compositions were selected to 
demonstrate the feasibility of inhibiting the greater rate and extent of hydration in the 
reverse-phase process.  
 
This initial hypothesis was proven incorrect and therefore the focus on using different 
polymers as a method to mitigate the differences between the two processes was less 
relevant. However, it was found that by changing the polymer composition of the binder 
liquid the rate and extent of anhydrous theophylline hydration could be partially 
inhibited to the same extent regardless of the granulation process employed. Two 
mechanisms for the inhibition were proposed. First, an increase in viscosity of the 
binder liquid may slow the dissolution of anhydrous drug by reducing the diffusivity of 
the solute, and the same mechanism may also slow the diffusion and incorporation of 
water molecules into the theophylline molecular structure. Second, when considering a 
polymer with an epitaxial match to the metastable drug crystals, i.e. complimentary 
spatial orientation of hydrogen donor/receptor groups between the polymer and drug, it 
is proposed that the polymer competes with water molecules for the available hydrogen 





The hydration of theophylline was the focus of this study, however further research 
comparing the solid state transformation of a range of drugs during the reverse-phase 
and conventional granulation processes is recommended. A number of suitable model 
drugs have previously been reported to undergo both hydrate and polymorphic 
transformations during wet granulation processing. The transformations of anhydrous 
caffeine to the 4/5 hydrate, anhydrous sulfaguanidine to the monohydrate and 
anhydrous carbamazepine to the dihydrate have all been monitored using Raman 
spectroscopy [22]. Additionally, the polymorphic transformation of flufenamic acid 
form I to form III has been monitored using in-situ X-ray powder diffraction during wet 
granulation with an ethanol binder liquid [23].  
 
8.3 Future studies 
 
The results and discussion presented in this thesis clearly illustrate both the feasibility 
and advantages of the reverse-phase granulation approach and further research is 
warranted in this field. Two main themes are proposed for future study. First, in the 
current thesis HA was used as the model powder owing to its practical insolubility in 
water. The applicability of the reverse-phase granulation approach to other material 
types of varying aqueous solubility should be evaluated. Second, the reverse-phase 
process research in this thesis was conducted at the 600 g scale in a 1 L granulator. 
Industrially wet granulation processes are often conducted on the 200–400 kg scale in 
600–1200 L granulators [24]. The scale up of the process is therefore an obvious area 
for future study. Both proposed research areas are discussed further below. 
 
8.3.1 Application to other material types 
 
As mentioned above HA was selected due to its practical insolubility in water so that 
dissolution of formulation components as the process proceeded was not a complicating 
factor. The strength of liquid bridges between two particles is determined solely by the 
contributions of the quantity and composition of the binder liquid employed. A second 
consideration was that since a negligible quantity of material would be dissolved during 
the course of the process there would be negligible crystallisation of dissolved HA 





However, multiple excipients are typically employed in an industrial wet granulation 
process and would typically include the drug, diluent, binder, disintegrant and 
surfactant. The formulation in this thesis included HA as a diluent and PVP as a binder 
liquid. While insoluble diluents are a common choice so too are soluble diluents such as 
lactose and hygroscopic diluents such as microcrystalline cellulose. The drug itself can 
also present unique physical properties to be considered [25]. Consideration of these 
more complex formulation variables means that future research should seek to evaluate 
the applicability of soluble and hygroscopic excipients to the reverse-phase granulation 
process. 
 
Some results have been reported for the effect of soluble excipients on the conventional 
granulation process. Dissolution of soluble excipients decreases the quantity of binder 
liquid required since the surface area of the solid phase is reduced and the volume of the 
liquid phase is increased. For a granulation conducted where the lactose diluent was 
partially soluble in the water binder liquid a liquid saturation between 0.3–0.6 was 
required to achieve growth [26]. However when experiments were carried out using a 
polyethylene glycol (PEG) binder solution, in which the lactose was not soluble, rapid 
growth by coalescence required liquid saturations in the markedly higher range of 80–
90 % [27].  
 
These findings indicate the basic effect of using a soluble excipient. However, the effect 
has two significant implications in the reverse-phase process. First, since the process 
begins in a saturated condition it would postulated that a slurry of dissolved excipient 
may result is a very viscous paste that may be difficult to distribute mechanically 
throughout the remainder of the formulation resulting in a broad size distribution. The 
effect of impeller tip speed on the distribution of the paste would require comprehensive 
study.  
 
Second, the dissolution of the soluble excipient will occur dynamically during the 
course of the granulation process. The rate and extent of this dissolution process will 
vary with the surface area of the particular batch of excipient and the temperature 
reached in the granulator. These factors are likely to vary from batch to batch and 
therefore one would expect the rate and extent of excipient dissolution to be variable 




tension of the binder liquid and particle size of the excipient from batch to batch. As a 
result characterisation of the granulation process using dimensionless groups such as 
liquid saturation and Stokes deformation number which rely upon these parameters 
becomes tenuous. One mitigation strategy that should be evaluated would be to saturate 
the binder liquid with the soluble excipient and to use a temperature controlled 
granulation process. This approach will decrease variability in the extent of excipient 
dissolution and allow the use of previously established dimensionless groups. 
Interestingly, these challenges are the same as those commonly encountered today with 
the conventional granulation process, however little literature exists examining these 
considerations. 
 
Fewer studies have specifically studied the effect of using hygroscopic excipients in wet 
granulation processes. However one report for the wet granulation of microcrystalline 
cellulose particles with varying moisture content provides some basis for discussion 
[28]. When the initial moisture content of microcrystalline cellulose was increased there 
was an increase in the resultant granule size, even though a constant quantity of binder 
liquid was employed, which was attributed to the fact that capillary wetting plays a 
significant role in determining the quantity of moisture available for granule 
coalescence. In the context of the reverse-phase process this is not an insurmountable 
challenge, however sufficient processing time will likely be necessary in order to allow 
consistent capillary wetting otherwise variable quantities of binder liquid might be 
present at the surface of the particles and variability in granule size would result. 
 
8.3.2 Scale up of the reverse-phase process 
 
The basis for a process scale up approach should consider geometric, kinematic and 
dynamic similarity [29]. Geometric similarity implies two granulators have the same 
ratio of linear dimensions. Kinematic similarity implies the ratio of forces between two 
corresponding points in a granulator is similar. Dynamic similarity implies that all of 
the dimensionless numbers necessary to describe the process have the same numerical 
value. Since dimensionless numbers are independent of scale they can be used for scale 





Scale up of conventional granulation processes has been investigated previously and a 
number of dimensionless techniques have been reported, including the Newton number, 
Froude number and Reynolds number [30]. In each approach the fill number, defined as 
the ratio powder fill height to granulator bowl diameter, is maintained constant for any 
scale up attempt. The Newton number relates the drag force acting on a unit area of the 
impeller and the inertial stress and is a measure of the power required to overcome 
friction [30]. The Reynolds number relates the inertial force to the viscous force [31]. 
The Froude number relates the centrifugal force to the gravitational force per unit area 
acting on the material [32]. It has been noted that the Froude number does not contain 
any terms describing the wet mass and therefore is best considered to describe scale up 
of the granulator than the process itself [11]. None of these approaches has been shown 
to be universal and often empirical scaling factors are incorporated into models to suit 
specific formulations and equipment sets. More recently calibrated test particles have 
been used in order to maintain a constant shear stress during scale up where a constant 
granule size distribution, strength and porosity have been achieved when moving from 
geometrically similar 2 L to 7 L to 25 L granulators [33, 34]. 
  
Industrial scale up of wet granulation processes presents many challenges. A number of 
different granulator models exist of differing size, design, geometry and material of 
construction. For example, two common industrial scale 600 L granulators are the PMA 
Fielder and the Collette Gral. The Glatt Powrex has a bottom mounted impeller whereas 
the Collette Gral has a top mounted impeller fitted to a shaft which penetrates the 
granule mass. As a result of fundamental differences such as this then geometric and 
kinematic similarities are unlikely to exist between different equipment vendors. Even 
when considering the same equipment vendor difficulty can be experienced. For 
example the Collete Gral 10 L, 75 L and 300 L granulators have been shown to be 
geometrically different [32]. When considering the same equipment vendor it is also 
necessary to understand the effect of different granulator bowl material of construction 
and impeller blade design. When comparing stainless steel and PTFE lined granulator 
bowls significant differences in flow patterns, adhesion of wet material to the walls and 
moisture distribution have been shown indicating the resistance between the 
formulation and the particular material of construction of the granulator bowl must be 
considered [35]. With respect to impeller design the scale-up of an MCC based wet 




demonstrated that maintaining a constant Froude number was only relevant when 
impellers with similar blade angle were used at the same tip speed [36]. The impeller 
shape is also important in determining the compressive and shearing forces exerted on 
the wet mass [37]. 
 
As presented in Chapter 6 the dimensionless groups of liquid saturation and Stokes 
deformation number were shown to be good predictors of the mass mean diameter and 
porosity of granules produced by the reverse-phase. Directionally the growth regime 
map has also been demonstrated to characterise the reverse-phase granulation process. 
During scale up to larger granulators it is expected that the wet granules will experience 
different forces than at the small scale resulting in different rates and extents of granule 
consolidation. Since both liquid saturation and Stokes deformation number consider the 
granule porosity and impact stress a logical hypothesis would be that a scale up 
approach might be employed where binder liquid volume and impeller tip speed are 
adjusted such that liquid saturation and Stokes deformation number are held constant to 
yield granules of similar size and porosity.  
 
This hypothesis has been tested for a conventional granulation process scaling from a 
10 L to a 75 L granulator [38]. While the authors predicted no change in the growth 
regime as a result of maintaining a constant liquid saturation and Stokes deformation 
number they observed marked differences in particle size distribution and lump 
formation. This was attributed to an approximate doubling of the dimensionless spray 
flux upon scale up which resulted from the attempt to maintain a constant liquid 
addition time but inadvertently increased the liquid addition rate. This resulted in a non-
homogenous liquid distribution and demonstrated the importance of dimensionless 
spray flux in conventional granulation processes. As presented in Section 1.7 a 
motivating factor in the reverse-phase granulation process is the elimination of 
sensitivity to liquid addition variables where the process is intentionally designed to 
distribute binder liquid throughout the powder. As a result it could be predicted that 
scale up of the reverse-phase process using a constant liquid saturation and Stokes 






Another option for efficient process scale-up is to leverage continuous granulation 
processing options such as twin screw extruders/granulators. Advantages of this 
equipment type include equipment design flexibility, short residence time, wide range 
of throughputs and intimate mixing of formulation ingredients [39, 40]. The batch size 
of twin screw granulated material is determined by the time the equipment operates 
[41]. Small scale process optimisation and scale-up to large scale commercial 
production can therefore be performed in the same granulator minimising scale-up 
challenges, improving process reproducibility and equipment investment costs [39]. 
Twin screw granulators have another major advantage of being regime-separated [42] 
where wetting and nucleation can be physically separated from consolidation and 
growth. Such a granulator design can provide a greater opportunity for controlling 
granule properties such as size and density [43, 44] when compared to the batch based 








The recent industry trends towards implementation of Quality by Design [45-47] and 
Process Analytical Technology [48] bring with them increased regulatory and scientific 
expectations. These expectations are likely to sustain recent advances in continuous 
granulation processing since this technology allows the granulation process to be 
characterised, understood, scaled-up and controlled in a fashion that is not practically 
achievable today using batch high shear granulators. It is the author’s assertion that in 
an environment where process control and understanding is paramount the reverse-
phase granulation process should be considered as a viable and robust option when 
compared to the conventional granulation process. This is owing to the simplicity of the 
granule growth mechanism involved in the reverse-phase process and ease with which 
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